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Abstract 
 
The benzoxazolinone class of phytoalexins are released by wheat, maize and rye upon 
pathogen attack. Benzoxazolinones have antimicrobial activity, but certain fungi have 
evolved mechanisms to actively detoxify these compounds, which may contribute to the 
virulence of these pathogens. In many Fusarium spp. a cluster of genes is thought to be 
involved in the detoxification of benzoxazolinones. However, only one enzyme, Fusarium 
Detoxification of Benzoxazolinone 2 (Fdb2), encoded in the cluster has been unequivocally 
assigned a role in this process. The FDB2 gene encodes a N-malonyltransferase and was 
identified in the maize pathogen F. verticillioides. In this thesis, through comparative genome 
analysis of several Fusarium species, a conserved genomic region has been identified 
around FDB2. Expression analyses demonstrated that a cluster of nine genes were 
responsive to exogenous benzoxazolinone in the important wheat pathogen Fusarium 
pseudograminearum. 
The first step in the detoxification of benzoxazolinones in Fusarium spp. involves the 
hydrolysis of a cyclic amide bond to yield aminophenols. This reaction is encoded by the 
FDB1 locus in F. verticillioides but the underlying gene is yet to be cloned. In this thesis it is 
shown that FDB1 is clustered with FDB2 in F. pseudograminearum and encodes an enzyme 
with homology to γ-lactamases. Expression analyses in F. pseudograminearum 
demonstrated that of three predicted γ-lactamase genes only the one designated as FDB1 
was strongly responsive to exogenous benzoxazolinone application. Analysis of 
independent F. pseudograminearum and F. graminearum FDB1 gene deletion mutants, as 
well as biochemical assays, demonstrated that the γ-lactamase enzyme, encoded by FDB1, 
catalyses the first step in detoxification of benzoxazolinones. 
The second step of the benzoxazolinone pathway involves the malonylation of 
aminophenol and is encoded by FDB2. Analysis of independent F. pseudograminearum 
FDB2 knockouts and complementation of a knockout with FDB2 homologs from  
F. graminearum and F. verticillioides confirmed that the N-malonyltransferase enzyme 
encoded by this gene is central to the detoxification of benzoxazolinones, and that Fdb2 
contributes quantitatively to virulence towards wheat in head blight inoculation assays. This 
contrasts with previous observations in F. verticillioides, where no effect of FDB2 mutations 
on pathogen virulence towards maize was observed. 
A transcription factor encoded by one of the FDB cluster genes (FDB3) has been 
proposed to regulate the expression of other genes in the cluster and hence is potentially 
involved in benzoxazolinone degradation. Herein Fdb3 is shown to be essential for the ability 
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of F. pseudograminearum to detoxify the predominant wheat benzoxazolinone, 6-methoxy-
benzoxazolin-2-one (MBOA), but not for detoxification of benzoxazoline-2-one (BOA). 
Furthermore, additional genes thought to be part of the FDB gene cluster, are shown to be 
transcriptionally responsive to benzoxazolinones and aminophenol and are regulated by 
Fdb3, but deletion mutants for these latter genes remain capable of benzoxazolinone 
degradation, suggesting that they are not components of the core biochemical machinery of 
overcoming these chemical defences.  
Overall, the results presented in this PhD thesis demonstrate that detoxification of 
benzoxazolinones is a strategy that wheat infecting F. pseudograminearum has adopted to 
overcome host-derived chemical defences. 
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AAMPO. 2-acetylamino-7-methoxy-phenoxazin-3-one, acetylated 2-AMPO. 
BOA. Benzoxazolin-2-one. 
DIBOA. 2,4-dihydroxy-1,4-benzoxazin-3-one, precursor of BOA. 
DIMBOA. 2,4-dihydroxy-7-methoxy-2H-1,4-benzoxazin-3(4H)-one, precursor of MBOA. 
DIM2BOA. 2,4-dihydroxy-6,7-dimethoxy-2H-l,4-benzoxazin-3-one, precursor of M2BOA. 
DIBOA-Glc. 2-O-(2,4-dihydroxy-1,4-benzoxazin-3-one)-beta-D-glucopyranose.  
DIMBOA-Glc. 2-O-(2,4-dihydroxy-7-methoxy-1,4-benzoxazin-3-one)-beta-D-
glucopyranose. 
DIM2BOA-Glc. 2-O-(2,4-dihydroxy-6,7-dimethoxy-2H-l,4-benzoxazin-3-one)-beta-D-
glucopyranose. 
DON. Deoxynivalenol, a mycotoxin produced by certain Fusarium spp. 
dpi. Days post inoculation 
FDB. Fusarium Detoxification of Benzoxazolinone, employed in gene annotations and 
gene cluster identity. 
FDB1. Genetic identity of Fdb1. 
Fdb1. Protein transcribed from FDB1. 
Δfdb1. Mutant isolate with FDB1 deletion. 
Fg. Fusarium graminearum. 
Fp. Fusarium pseudograminearum. 
fr. wt. Fresh weight. 
GDMBOA. 2-O-glucosyl-2,4-dihydroxy-7-methoxy-1,4-benzoxazin-3-one. 
HBOA. 2-hydroxy-1,4-benzoxazin-3(2H)-one, a lactam. 
HBOA-Glc. 2-O-(2-hydroxy-1,4-benzoxazin-3(2H)-one)-beta-D-glucopyranose. 
HDMBOA. 2-hydroxy-4,7-dimethoxy-1,4-benzoxazin-3-one, precursor of MBOA. 
HDMBOA-Glc. 2-O-(2-hydroxy-4,7-dimethoxy-1,4-benzoxazin-3-one)-beta-D-
glucopyranose. 
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HMBOA-Glc. 2-O-(2-hydroxy-7-methoxy-1,4-benzoxazin-3(2H)-one)-beta-D-
glucopyranose. 
HMBOA. 2-hydroxy-7-methoxy-1,4-benzoxazin-3(2H)-one, methoxylated HBOA. 
hpi. Hours post induction. 
HPMA. N-(2-hydroxyphenyl) malonamic acid, the final product of BOA detoxification. 
HMPMA. N-(2-hydroxy-4-methoxyphenyl) malonamic acid, the final product of MBOA 
detoxification. 
MBOA. 6-methoxy-benzoxazolin-2-one, methoxylated BOA. 
M2BOA. 6,7-dimethoxy-2(3H)-benzoxazolinone, di-methoxylated BOA. 
ND. No detection/ Not determined. 
NPT. Neomycin phosphotransferase. 
RT-qPCR. Reverse transcriptase quantitative PCR. 
SDS-Page. Sodium dodecyl sulfate-polyacrylamide gel electrophoresis. 
TLC. Thin layer chromatography, a method of separating and identifying metabolites. 
WT. Wild type, the progenitor non-mutant isolate. 
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Chapter one 
Introduction 
1.1 Fusarium incited diseases – an overview 
 
Fungi belonging to the Fusarium genus cause some of the most devastating diseases 
on a range of crop plants (Summerell et al., 2001). Fusarium crown rot disease is a soil-
borne toxigenic fungal infection at the stem base of cereal tillers (predominately wheat 
(Triticum aestivum and T. durum) and barley (Hordeum vulgare)) (Akinsanmi et al., 2004; 
Tan & Niessen, 2003). Fusarium spp. are also the causal agent of Fusarium head blight 
disease, which reduces yield and grain quality (Chakraborty & Newton, 2011). Host 
resistance mechanisms and fungal pathogenicity factors are potentially different between 
Fusarium head blight and crown rot (Akinsanmi et al., 2006b; Burgess et al., 2001, Li et al., 
2010).  
Fusarium crown rot disease adversely affects wheat and barley production in 
Australia, Europe, North and South America, North and South Africa, West Asia 
(Chakraborty et al., 2006), New Zealand (Monds et al., 2005), China (Li et al., 2012), Syria 
(Alkadri et al., 2013) and Iraq (Hameed et al., 2012). F. pseudograminearum was the most 
frequently isolated fungi associated with crown rot (Bentley et al., 2008), most prevalent 
pathogen in field surveys of crown rot-affected cereals (Akinsanmi et al., 2004), and 
associated with the greatest grain yield loss (Smiley et al., 2005).  
Fusarium crown rot is distributed throughout the highly susceptible Australian wheat 
belt (Murray & Brennan, 2009). Crop losses to crown rot alone were estimated to cost on 
average $79 million per annum in wheat harvest (Murray & Brennan, 2009) and $18 million 
per annum in barley (Murray & Brennan, 2010). Up to 89% yield loss due to crown rot has 
also been reported (Klein et al., 1991). Fusarium–incited cereal diseases are therefore 
important for future food security (Chakraborty & Newton, 2011; Luck et al., 2011). Crop 
rotation and growing tolerant varieties are currently the most effective approaches to 
reducing Fusarium-incited diseases (Holloway & Exell, 2010; Singh et al., 2009a). However, 
demands to increase food production may compromise crop rotation strategies and levels 
of tolerance available against these diseases is mostly quantitative, making it difficult to use 
in breeding (Kazan et al., 2012).  
The exact mechanism of F. pseudograminearum infection is largely unknown (Mitter 
et al., 2006), however, three phases of fungal infection have been observed (Stephens et 
al., 2008):  
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1. Production of a hyphae mat originating from spore germination, not direct mycelia 
growth from stubble;  
2. Penetration and colonization of plant epidermis; and then  
3. Extensive biomass accumulation within the crown tissue leading to plant disease 
symptoms as a consequence of xylem blockage. 
Fusarium species associated with crop diseases, such as F. pseudograminearum, 
exhibit both a saprophytic lifestyle on stubble and a parasitic life stage on growing plants 
(Scott & Chakraborty, 2010). In addition to the production loss from Fusarium-incited 
diseases, many Fusarium species accumulate mycotoxins in grains, such as deoxynivalenol 
(DON), that have implications for human and animal health. Livestock fed DON-
contaminated grain will suffer mycotoxic poisoning (Santino et al., 2005).  
Comparison of the model cereal pathogen F. graminearum (Ma et al., 2010) to  
F. pseudograminearum has indicated that the latter differs from the former both genetically 
(Gardiner et al., 2012) and in sexual recombination (Aoki & O'Donnell, 1999). A high level 
of F. pseudograminearum genetic variation is attributed to sexual recombination events that 
are known to occur in this species (Chakraborty et al., 2006). Furthermore, a diverse genetic 
background of F. pseudograminearum can be maintained in a limited geographic region 
(Miedaner et al., 2008). 
1.2 Overcoming plant defence compounds 
 
Of primary interest, in plant-fungal interactions is the role of plant defence secondary 
metabolites that perform fungicidal roles, and degradation of the secondary metabolites by 
pathogenic fungi (Lanoue et al., 2010; Mendonca et al., 2004). To be a successful pathogen 
on a particular species, pathogens must deploy efficient detoxification or avoidance 
strategies. Active degradation and/or transport of these plant secondary metabolites are 
common strategies used by a variety of pathogens and pests to overcome these host 
responses. For example, the pea pathogen Fusarium solani f. sp. ‘pisi’ uses a demethylase 
to render the pea defence compound pisatin ineffective (Milani et al., 2012). Similarly,  
F. sambucinum deals with the potato phytoalexin rishitin by exporting the phytoalexin using 
an ABC transporter (Fleissner et al., 2002), as well as full degradative metabolism (Weltring 
& Altenburger, 1998). Defeating the saponin tomatine, a defense compound produced by 
tomato, is achieved by the detoxification enzyme, tomatinase produced by the tomato wilt 
pathogen F. oxysporum f. sp. lycopersici (Pareja-Jaime et al., 2008). Tomatinase cleaves 
the sugar moieties from the terpenoid backbone of tomatine, rendering this compound 
ineffective. Detoxification of benzoxazolinones produced by maize, has been proposed to 
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be performed by a lactamase (Glenn & Bacon, 2009) and an N-acetyltransferase (Glenn & 
Bacon, 2009), produced by the maize pathogen F. verticillioides, to render the toxin 
inoperative. An orthologous N-acetyltransferase involved in benzoxazolinone degradation 
was also found in F. pseudograminearum (Gardiner et al., 2012), suggesting that this 
pathogen may also be able to detoxify benzoxazolinones.  
1.3 Benzoxazinoid class of phytoalexins in cereal and pathogen interactions 
 
Anti-fungal testing of maize extracts in 1959 acknowledged an unidentified anti-fungal 
substance contained within maize tissue (Whitney & Mortimore, 1959a).  This substance 
was subsequently chemically identified as a group of cereal-produced phytoalexins, the 
benzoxazinoids: benzoxazinones (and their glycosylated forms), and benzoxazolinones 
(Figure 1.1, Wahlroos & Virtanen, 1959; Whitney & Mortimore, 1956b). As wheat also 
produces this phytoalexin group, understanding the role of benzoxazinoids in defence 
against Fusarium spp. is required.  
 
 
 
Figure 1.1. The phytoalexin group of benzoxazinoids is stored as a glycosylated 
benzoxazinone in the plant cells. Glu, a glycoslase, liberates the benzoxazinone which 
spontaneously degrades to a benzoxazolinone. 
1.4   Production of benzoxazinoids in cereals 
The benzoxazinone biosynthesis pathway in grasses has been previously reviewed 
(Frey et al., 2009).  In summary, the benzoxazinone biosynthesis pathway in grasses is 
composed of four modules: (i) Branch-point reaction (encoded by Bx1); (ii) synthesis of an 
active compound (catalysed by Bx2 to Bx5); (iii) glycosylation of a toxic intermediate for 
storage (Bx8 and Bx9); and (iv) methoxylated modification of the storage compound (by Bx6 
and Bx7) (Figure 1.2). The indicated modules (enzymes and products) are located in plastid, 
microsome, cytosol and vacuole respectively.  
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Figure 1.2. Plant benzoxazinones synthesis. Bx1, the branch point enzyme, produces 
volatile indole; Bx2 to Bx5 are a group of cytochrome p450 enzymes that produce 
benzoxazinone (DIBOA); Bx8 and/or Bx9 glycosylate DIBOA for storage; and Bx6 and Bx7 
may modify the stored DIBOA-Glc tp DIMBOA-Glc. The figure was modified from that 
presented in Frey et al. (2009). 
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Benzoxazinone biosynthesis steps (Bx1 to Bx5) identical to those found in maize 
have also been identified in wheat (Niemeyer & Jerez, 1997). Homoeologs of Bx genes exist 
in all A-, B- and D- wheat sub-genomes (Niemeyer & Jerez, 1997). However, catalytic 
efficiencies of the Bx enzymes seem to differ between the different homoeologs (Nomura et 
al., 2005), with the wheat B- genome mostly contributing to benzoxazinones biosynthesis. 
Whilst 6-methoxy-benzoxazolin-2-one (MBOA) has been isolated from wheat, the wheat Bx 
genes responsible for MBOA production have not yet been identified. In maize, a Bx8 
duplication seems to have generated Bx9. This duplicated gene, Bx9, enables glycosylation 
to 2,4-dihydroxy-1,4-benzoxazin-3-one (DIBOA), which is an additional site of glycosylation 
from Bx8. However, as SIBOA is an unstable toxic intermediate that produces DIBOA-Glc, 
the function is redundant (Sue et al., 2011). To date, no complete collection of Bx pathway 
genes has been identified in the other cereals such as sorghum (Sorghum bicolour), rice 
(Oryza sativa) and cultivated barley (Jonczyk et al., 2008), though they belong to the 
Poaceae family. 
The precursor of BOA, the benzoxazinone, DIBOA, is stored in a glycosylated state 
as DIBOA-Glc in vacuoles (Figure 1.2). From DIBOA-Glc, methoxylated compounds are 
produced: DIMBOA-Glc (Jonczyk et al., 2008), DIM2BOA-Glc (Klun et al., 1970) and 
HDMBOA-Glc (Figure 1.3). The storage forms can also have multiple or alternative glycones 
(Hanhineva et al., 2011); or be altered to lactam storage compounds, HBOA-Glc, or 
HMBOA-Glc. The proportional composition of benzoxazolinones may be influenced by the 
vacuolar environment, as production of DIMBOA-Glc can be affected by pH (Hashimoto & 
Shudo, 1996). The conversion of DIMBOA-Glc to HDMBOA-Glc, in maize (Klun et al., 1970) 
and wheat shoots (Wu et al., 1999), has been proposed to be a duplication of MBOA 
production, as both precursors lead eventually to MBOA (Grambow et al., 1986), and may 
accelerate formation of MBOA in response to pathogen attack (Oikawa et al., 2004). As 
biotic stress induces higher HDMBOA (a di-methoxylated BOA) accumulation, Glauser et al. 
(2011) proposed that from an evolutionary perspective that DIBOA to DIMBOA to HDMBOA 
is a developmental progression of benzoxazinones.  
Upon pathogen attack or tissue damage the glycosyl groups are removed by 
glucosidases (Glu) in the cytoplasm (Hashimoto & Shudo, 1996), such as wheat TaGlu1a – 
TaGlu1d (Sue et al., 2011). Removal of the glycosyl group produces the unstable 
intermediates (DIBOA, DIMBOA, DIDMBOA, and DIM2BOA) or stable lactam compounds, 
HBOA and HMBOA, from the variety of stored compounds. The unstable intermediates 
spontaneously degrade from DIBOA to BOA, both DIMBOA and DIDMBOA to MBOA, and 
DIM2BOA to M2BOA (Figure 1.3).  
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Figure 1.3. The biochemical pathway from stored glucoside compounds to liberated 
benzoxazolinones.  Glycosylated hydroaxamic acid, 2-O-(2,4-dihydroxy-1,4-benzoxazi n-
3-one)-beta-D-glucopyranose (DIBOA-Glc), 2-O-(2,4-dihydroxy-7-methoxy-1,4-benzoxazi n-
3-one)-beta-D-glucopyranose (DIMBOA-Glc), 2-O-(2-hydroxy-4,7-dimethoxy-1 ,4-
benzoxazin-3-one)-beta-D-glucopyranose. (HDMBOA-Glc) and 2-O-(2,4-dihydroxy-6 ,7-
dimethoxy-2H-l,4-benzoxazin-3-one)-beta-D-glucopyranose (DIM2BOA-Glc) are stored in 
vacuoles. Upon cellular rupture and/or pathogen attack the glycosylation is removed via 
beta-glucosidase (Glu1 or Glu2) (Wahlroos & Virtanen, 1959) to produce the unstable 
intermediates: 2,4-dihydroxy-1,4-benzoxazin-3-one (DIBOA), 2,4-dihydroxy-7-methoxy-2H-
1,4-benzoxazin-3(4H)-one (DIMBOA), and 2-hydroxy-4,7-dimethoxy-1,4-benzoxazin-3-one 
(HDMBOA) (Oikawa et al., 2004). The deglycosylated hydroxamic acids spontaneously 
degrade from DIBOA to benzoxazolin-2-one (BOA); and 2,4-dihydroxy-7-methoxy-2H-1 ,4-
benzoxazin-3(4H)-one (DIMBOA) and 2-hydroxy-4,7-dimethoxy-1,4-benzoxazin-3-one 
(HDMBOA) (Grambow et al., 1986) to 6-methoxy-benzoxazolin-2-one (MBOA). Additionally, 
the lactams, 2-hydroxy-1,4-benzoxazin-3(2H)-one (HBOA) and 2-hydroxy-7-methoxy-1 ,4-
benzoxazin-3-one (HMBOA), are produced within this pathway. Grey arrows represent 
spontaneous degradation.  
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1.5 The plant tissue concentrations of benzoxazinoids 
 
Numerous studies have identified differences in benzoxazolinone tissue content in 
wheat. Significant contributors to variation in benzoxazinoid levels are seasonal variability 
(Stochmal et al., 2006), the wheat cultivar, growth stage and plant age (Villagrasa et al., 
2006), plant growth rate (Copaja et al., 1999), water stress, insect herbivory (Silva et al., 
2006), light intensity (Ahman & Johansson, 1994), jasmonic acid signalling (Oikawa et al., 
2001), and the presence of competitive weeds (Hasegawa et al., 2010). 
The predominant benzoxazolinone isolated from wheat is MBOA (Villagrasa et al., 
2006). However, MBOA levels do display seasonal variability (Stochmal et al., 2006). Levels 
of benzoxazolinones have been reported to be greater than 0.5 g Kg-1 in wheat shoots (Tang 
et al., 1975), and benzoxazinones concentrations in excess of 1.2 g Kg-1 were found in wheat 
root tissue (Copaja et al., 1999) and the entire plant (Krogh et al., 2006). Root tissue has 
the highest concentration of benzoxazolinones (Copaja et al., 1999), however root exudation 
of benzoxazolinones was shown to be cultivar specific (Wu et al., 2001). A ratio of 1:6 
between the benzoxazolinones, BOA and MBOA respectively, in fresh tissue has been 
reported (Prinz et al., 2010). Increased MBOA levels were found after leaf 
damage/wounding, fungal infection, and following the application of boiled or unboiled fungal 
filtrate (Oikawa et al., 2004). Additionally, a comprehensive study showed that 
benzoxazinones located in the outer layers of grain are related to a defensive function 
(Tanwir et al., 2013). 
1.6 Different strategies used by pathogens exist to overcome benzoxazinoid toxicity 
In association with benzoxazolinone producing plants, benzoxazolinone metabolism 
as a counter-defence response occurs via mechanisms as summarised below: (i) some 
plants and insects employ glycosylation to inactivate benzoxazinoids whilst (ii) certain 
bacteria and fungi break open the nitrogen containing benzoxazolinone heterogeneous ring. 
Each approach has its biochemical expenses and risks requiring tolerance to intermediate 
toxic compounds. Enzyme active-site cysteine residue interactions and glutathione 
depletion by DIMBOA can cause an irreversible inhibitory effect (Dixon et al., 2012). 
Benzoxazolinones have also been implicated in DNA modification via guanine chemical 
alteration (Hashimoto & Shudo, 1996). Stochmal et al. (2006) has proposed that 
benzoxazolinones, aminophenols and phenoxazinones (auto-oxidation products from 
aminophenols), the latter two resulting from soil-borne benzoxazolinone degradation, play 
an important role in fungal pathogen interactions and crop soils.  
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1.6.1 Plant benzoxazolinone detoxification mechanisms 
Benzoxazinone production in wheat can be induced by the presence of competitive 
weeds (Zheng et al., 2010). In turn, the competitive weeds have also been shown to detoxify 
benzoxazolinones. Thus, some weeds can overcome the competitive advantage of cereals 
enabling the weeds to overcome the seedling growth suppression influences of 
benzoxazolinones. BOA-5-O-glucoside, via the intermediate BOA-5-OH, is the detoxification 
product from common purslane, Portulaca oleracea (Hofmann et al., 2006), that grows in 
corn fields. BOA transformation to BOA-6-β-O-glucoside and BOA-N-glucoside is observed 
in Chenopodietea and Secalietia weed communities (Schulz & Wieland, 1999), though the 
O-glucosylation pathway involves the more toxic intermediate BOA-6-OH. The variety of 
BOA detoxification via two modes of N- or O- glucosylation, which exists amongst weeds, 
lead Schulz and Wieland (1999) to propose that a co-evolution has occurred between 
benzoxazolinone-producing grasses and field weeds. Other weeds, such as the velvetleaf 
weed Abutilon theophrasti, avoid BOA accumulation by employing highly active transporters 
and glutathione-S-transferases (Schulz et al., 2012).  
The benzoxazolinone producing plants must also overcome benzoxazolinone auto-
toxicity. In maize the benzoxazolinone detoxification response is dependent on the 
benzoxazolinone form. The major pathway for detoxification of BOA is through  
N-glycosylation leading to a glucoside carbamate (Sicker et al., 2001). To a lesser extent  
O-glycosylation is also used, however this detoxification requires the initial generation of the 
toxic intermediate BOA-6-OH, and results in BOA-6-β-O-glucoside, which has a higher level 
of toxicity. Maize exposed to MBOA produces predominately BOA-6-β-O-glucoside, via  
O-glycosylation, and methoxy glucoside carbamate, via N-glycosylation (Sicker et al., 2001). 
Interestingly, the non-benzoxazolinone producing cereals; barley and oats (Avena sativa), 
also exhibit benzoxazolinone detoxification (Hofmann et al., 2006). Wheat and rye (Secale 
cereale) are able to detoxify benzoxazolinones through the 6-β-O-glucoside pathway 
(Wieland et al., 1998). Existing components of the benzoxazolinone biosynthesis pathway 
are also recruited for detoxification in maize. The glucosyltransferases, Bx8 and Bx9, are 
involved in benzoxazinone detoxification by glycosylation which reverses benzoxazinone 
liberation before the spontaneous production of benzoxazolinones (von Rad et al., 2001).  
1.6.2 Pest insect benzoxazolinone detoxification mechanisms 
 
The Fall Armyworm, a maize caterpillar, (Spodoptera frugiperda) overcomes host 
benzoxazolinone defences either by inhibiting plant based β–glucosidases, in the gut, which 
prevent the de-glycosylation of benzoxazinones, or increasing gut glucose transferase 
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activity to return activated toxins to non-toxic glucosides (Glauser et al., 2011). Glycosylation 
of DIMBOA by Spodoptera species incorporates a stereo-selective inversion preventing 
further de-glycosylation (Wouters et al., 2014). UDP-glucosyltransferase(s) are employed to 
overcome a benzoxazolinone defence for the cereal pest moth, Mythimna separata larvae 
(Sasai et al., 2009) and the cereal aphid, Sitobion avenae (Leszczynski et al., 1992). The 
glycosylation product of MBOA, MBOA-N-Glc, by agricultural pests, Spodoptera littoralis 
(Maag et al., 2014), prevents hydrolysis of the glycosyl groups due to the nitrogen 
glycosylation. Interestingly, MBOA root exudation in soil functions as a chemo-attractant for 
western corn rootworm larvae to locate specific benzoxazolinones producing hosts (Bjostad 
& Hibbard, 1992). 
However, studies have demonstrated that not all insects have the ability of 
benzoxazolinone transformation, as the common soil arthropod, Folsomia candida, and 
ground beetle, Poecilus cupreus displayed little capability to degrade benzoxazolinones , 
except when associated with soil biota (Fomsgaard et al., 2006). As previous studies have 
not distinguished whether gut flora of the insects themselves perform the transformation in 
insect digestive tracts, the suppression of plant benzoxazolinone defences may have a 
symbiotic basis in some instances.   
1.6.3 Soil bacteria and benzoxazolinone degradation mechanisms 
 
Soil breakdown compounds resulting from benzoxazolinone metabolism accumulate 
into two broad identities: (i) metabolites of lactam ring opening, cleaved at the amide bond 
to produce aminophenols: 2-AP from BOA, 2-AMP from MBOA, and 2-AM2P from M2BOA 
(Kumar et al., 1993); and (ii) further processing of the aminophenols by attachment of acyl 
groups. The benzoxazolinone detoxification mechanisms employed by soil bacteria are 
quite different from the methods used by higher plant and insects. As heterogeneous 
microbial soil communities are expected to contain several microorganisms capable of 
benzoxazolinone degradation (Fomsgaard et al., 2004), multiple end-products are 
associated with benzoxazolinone degradation by soil bacteria.  
 The detoxification of BOA by some soil biota can result in the accumulation of 
aminophenols and phenoxazinones which are toxic to many organisms (Understrup et al., 
2005). From a symbiotic rhizophere perspective, phenoxazinone is considered as the final 
inhibitory compound of benzoxazolinone root exudation (Macias et al., 2006; Macias et al., 
2014). Oxidation of aminophenol to phenoxazinone occurs naturally in aqueous solutions 
and more rapidly at lower pH (Oancea & Puiu, 2003); in the presence of metallo-reagents, 
such as cobalt salts (Simandi et al., 1993) or Copper (II) (Puiu et al., 2007); and irradiation 
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with sunlight (Nie & Xu, 2002). As a highly significant inhibitor of weeds and fungal 
pathogens, phenoxazinones, are considered as part of the inhibitory effects of 
benzoxazolinones (Gagliardo & Chilton, 1992), and have a significantly higher fungal 
inhibition, compared to benzoxazolinones (Martyniuk et al., 2006). Phenoxazinone has also 
been shown to inhibit ribosomal RNA synthesis (Homma & Graham, 1962). 
To date, studies that have specifically identified the bacterial agent that produces 
metabolites from benzoxazolinone degradation have only identified aminophenol 
production. Acinetobacter calcoaceticus, a gram-negative bacterium isolated from field soil 
(Chase et al., 1991) and root-colonizing bacteria of oats (Friebe et al., 1996) have been 
reported to produce only the 2-AP oxidized product, 2-APO. Interestingly, the competitive 
rhizosphere coloniser, Pseudomonas putida KT2440, uses DIMBOA chemo-taxis signals 
and DIMBOA and MBOA detoxification, enabling a competitive advantage in colonization of 
the plant rhizosphere (Neal et al., 2012). 
1.6.4 Fungal detoxification of benzoxazolinones 
 
Benzoxazinoid degradation studies have been conducted on a broad range of fungi. 
Examples include endophytic fungi isolated from Aphelandra tetragona (Zikmundova et al., 
2002); maize arbuscular mycorrhizal fungi alleviating maize BOA auto-toxicity (Dzafic et al., 
2013); pathogens of wheat, barley, oats, rice (Friebe et al., 1998), and corn (Glenn et al., 
2001); winter wheat disease causing fungal species, Gaeumannomyces graminis var. 
graminis, and G. graminis var. tritici (Friebe et al., 1998); the cereal rhizosphere saprotrophic 
fungus Doratomyces stemonitis, capable of full benzoxazolinone metabolism (Voloshchuk 
et al., 2007); Puccinia graminis, the causal agent of stem rust disease of wheat (Bucker & 
Grambow, 1990; Elnaghy & Shaw, 1966; Knott & Kumar, 1972); and non-pathogenic, 
endophytic F. verticillioides of maize (Knop et al., 2007). 
The prevailing fungal pathway of benzoxazolinone degradation, discovered to date, 
is via heterogenic ring hydrolysis and the production of an intermediate aminophenol, which 
was first reported for Microdochium nivale (formerly Fusarium nivale) (Wahlroos & Virtanen, 
1958). Predominately, the end products of fungal benzoxazolinone degradation contain acyl 
attachments, such as HPMA and HMPMA from BOA and MBOA, respectively (Friebe et al., 
1998).  Final acylated products can also be independent of the source of aminophenol 
production, with two isolates collaborating to produce non-toxic compounds from 
benzoxazolinones (Glenn et al., 2002).  
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1.7 Benzoxazolinones degradation by Fusarium species pathogenic to cereals 
 
Corn seedling extract amended media was first described, in 1959, to inhibit the 
growth of corn stalk rotting fungi F. verticillioides (formerly F. moniliforme), whilst  
F. graminearum growth was less inhibited by the media (Whitney & Mortimore, 1959a). The 
active substance in the media was later identified as MBOA (Whitney & Mortimore, 1959b). 
Benzoxazolinones, BOA and MBOA, have been associated with inhibition of F. verticillioides 
conidia germination (Richardson & Bacon, 1995). The precursor of benzoxazolinones, the 
benzoxazinones DIBOA and DIMBOA, also supress Fusarium spp. micro-conidia 
germination and reduce fungal germ tube growth (Nakagawa et al., 1995). 
The first report on benzoxazolinone degradation by a Fusarium species pathogenic 
to cereals was on the maize pathogen, F. verticillioides, in 1995 (Richardson & Bacon, 
1995). Host plant and mycelia age (Richardson & Bacon, 1995) had a significant effect on 
benzoxazolinone degradation. Non-toxic malonamic acids resulting from benzoxazolinone 
degradation were the metabolites isolated from cereal pathogenic fungi (Friebe et al., 1998).  
For example, end products of BOA and MBOA degradation by F. verticillioides, were 
extracellular HPMA and HMPMA respectively (Yue et al., 1998) (Figure 1.4). The 
intermediate compounds of benzoxazolinone degradation in Fusarium species are toxic 
aminophenols (Glenn et al., 2003). However, malonamic acid end products are non-toxic to 
the fungal species that produce them (Martyniuk et al., 2006), and may be of benefit to the 
plant host by reducing host benzoxazolinone auto-toxicity (Dzafic et al., 2013). They can 
also stimulate radicle elongation (Knop et al., 2007).  
A large collection of diverse geographic and host specific Fusarium sp. were tested 
for tolerance to 0.25 – 1 mg mL-1 BOA or MBOA (Glenn et al., 2001); 11 species displayed 
tolerance, with MBOA exhibiting a stronger growth inhibition than BOA. BOA and MBOA 
tolerant species in the study produced HPMA and HMPMA, respectively, as metabolites. 
The most tolerant species to benzoxazolinones tested were F. verticllioides, F. subglutinans, 
F. cerealis and F. graminearum. However, intra-specific tolerance variability was observed 
in F. graminearum. F. beomiforme isolated from Papua New Guinea soil displayed tolerance 
without detoxification. Additionally, degradation of BOA and MBOA by the maize pathogen 
F. subglutinans to HPMA and HMPMA has been observed (Vilich et al., 1999). 
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Figure 1.4. Fusarium spp. interactions with benzoxazolinones and lactams. The 
benzoxazolinones, benzoxazolin-2-one (BOA) and 6-methoxy-benzoxazolin-2-one (MBOA) 
are degraded to 2-amino-phenol (2-AP), or 5-methoxy-2-aminophenol (2-AMP), 
respectively. Fdb1 is proposed to metabolise the benzoxazolinones in F. verticillioides 
(Glenn & Bacon, 2009). Without further processing the aminophenols will oxidize to 
phenoxazinones, ie. 2-AP to 2-amino-phenoxazin-3-one (2-APO) (Kehrmann, 1906) and  
2-AMP to 2-amino-7-methoxy-3H-phenoxazin-3-one (2-AMPO) (Macias et al., 2004). The 
malonyl transferase, Fdb2, acetylates the aminophenols to non-toxic malonamic acids, ie. 
2-AP to N-(2-hydroxyphenyl) malonamic acid (HMPA) and 2-AMP to N-(2-hydroxy-4-
methoxyphenyl) malonamic acid (HMPMA).  
Within Fusarium species, distinctions have emerged to differentiate the 
benzoxazolinone degradation processes (Friebe et al., 1998). F. culmorum was unable to 
degrade MBOA, but was capable of degrading BOA. However, BOA degradation by  
F. culmorum did not result in an identifiable end-product, such as HPMA. This suggested 
that full benzoxazolinone metabolism is possible in certain Fusarium species. Isolates of  
F. verticillioides that perform full BOA metabolism have also been identified (Glenn et al., 
2002). Whilst it has been reported that BOA was less inhibitory than MBOA, possibly this 
distinction is affected by an inability of fungi to metabolize the different benzoxazolinones 
(Martyniuk et al., 2006). Unlike the maize pathogen Microdochium nivale, subsequent 
transfer of Fusarium sp. mycelia from media containing high concentrations of BOA to 
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unamended media resumed fungal growth, indicating that BOA is fungistatic rather than 
fungicidal (Friebe et al., 1998). 
Fungal endophytic community proportions are influenced by benzoxazolinones, with 
fungal species with high BOA tolerance being abundant on benzoxazolinone producing 
plants (Saunders & Kohn, 2009). Saunders and Kohn (2009) concluded that Fusarium 
species have a competitive advantage having a BOA detoxification ability and this function 
may be a major role in organising fungal community composition. Further, the presence and 
influence of benzoxazolinone-degradation capable Fusarium species increase colonization 
of less tolerant fungal species, thus broadening the diversity of the biotic community 
structure. F. verticillioides was also found to have a competitive advantage over  
F. graminearum in inoculations of maize ears (Picot et al., 2012).  
Co-incubation of the endophytic bacterium Bacillius mojavensis, as a bio-control 
agent, with F. verticillioides appears to increase the production of toxic phenoxazinone whilst 
preventing the production of non-toxic malonamic acids by the Fusarium sp., thus giving 
preference to bacterium growth (Bacon et al., 2007). B. mojavensis was observed having a 
100-fold higher phenoxazinone concentration tolerance compared to F. verticillioides.  
1.8 The Fusarium spp. genes of benzoxazolinone detoxification. 
 
As stated above, the Fusarium detoxification of Benzoxazolinone (FDB) cluster, first 
identified in the maize pathogen F. verticillioides, plays an important role in benzoxazolinone 
detoxification. Initial investigations of benzoxazolinone detoxification in F. verticillioides 
demonstrated that isolates lacking the dispensable chromosome 12, considered a location 
for phytoalexin detoxification genes, maintained BOA detoxification (Glenn et al., 2001). 
Therefore, the genetic location of FDB genes was presumed to be within the core  
F. verticillioides genome. 
When two geographically diverse and host specific F. verticillioides isolates showing 
sensitivity differences to BOA were crossed and back-crossed, the isolates produced 
indicated genetic interruption at two loci; FDB1 and FDB2 (Glenn et al., 2002). Two progeny 
were found to completely metabolise BOA without accumulating malonamic acids. A general 
observation that isolates deficient in BOA detoxification maintained virulence on seedlings 
and colonization assays led to the conclusion that BOA detoxification does not contribute to 
fungal virulence on maize (Glenn et al., 2002).  
The proposed intermediate of BOA degradation by endophytic fungi (Zikmundova et 
al., 2002), 2-AP, was obtained from the F. verticillioides isolates deficient in the FDB2 locus 
(Glenn et al., 2003) confirming that the locus contained genetic machinery for acylation of 
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2-AP to HPMA. The Fdb2 N-malonyltransferase encoding gene was subsequently found to 
be encoded at the F. verticillioides FDB2 locus (Glenn & Bacon, 2009). Fdb2 mutant strains 
failed to produce malonamic acid. Restoration of Fdb2 in F. verticillioides restored 
processing of BOA to malonamic acid.  
Isolates of F. verticillioides deficient for the FDB1 locus failed to detoxify BOA and 
thus must contain the gene for the enzyme required for the first step in BOA detoxification 
(Glenn et al., 2002). The identity of the conserved gene responsible for the first step in 
benzoxazolinone detoxification within cereal-infecting Fusarium spp., proposed to be a  
γ-lactamase encoding gene located in the FDB1 locus has not been established and 
therefore characterisation is required. 
In fungi functionally related genes (e.g. those involved in secondary metabolite 
synthesis and pathogen virulence) are often organised as gene clusters (Campbell et al., 
2012; Fox et al., 2008; Gardiner & Howlett, 2005; Kimura et al., 2007; Nasmith et al., 2011; 
Patron et al., 2007; Schmitt & Lumbsch, 2009). Genomic arrangement of the proposed 
genes for benzoxazolinone degradation in F. verticillioides indicated that they are grouped 
within a gene cluster. The FDB2 locus is composed of a Zn2Cys6 transcription factor (FDB3), 
a N-malonyltransferase (FDB2), and a remnant lactamase (Glenn & Bacon, 2009). 
Comparative analysis of this genomic arrangement in other Fusarium species enables both 
potential identification of the enzymes involved in benzoxazolinone detoxification and also 
evolution (e.g. rearrangement) of the cluster between Fusarium species. In  
F. pseudograminearum, an FDB2 ortholog is closely located to the FpAMD1 (an amidase) 
and FpDLH1 (a dienelactone hydrolase) two gene cluster associated with virulence in this 
pathogen (Gardiner et al., 2012) and thus may be part of a larger virulence determining 
super-cluster. 
1.9 A model of plant-pest benzoxazolinone class phytoalexin interactions 
 
In summary, a model (Figure 1.5) outlines how the benzoxazolinone class of phytoalexins 
is produced by various cereal hosts and potentially degraded by the multitude of pests 
including plants, insects, bacteria and fungi. Whilst the enzymes for benzoxazolinone 
production have been well documented in cereals, only one enzyme (F. verticillioides Fdb2) 
has been confirmed to date in fungal benzoxazolinone degradation. Therefore, further 
investigation of the enzymatic machinery employed by pathogenic Fusarium spp. for 
benzoxazolinone degradation is required to advance our understanding how these 
pathogens interact with their hosts during disease development.  
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Figure 1.5. Benzoxazolinone class of phytoalexin plant synthesis and pathogen/plant 
degradation model. Bx 1 – Bx 5 synthesise DIBOA, Bx 8/9 glycosylate DIBOA to DIBOA-
glc and the phytoanticipin is stored in vacuoles where additional methoxylation of the 
benzoxazinones may take place. Upon tissue damage the disrupted vacuoles expose the 
glycosylated benzoxazinones to Glu1/2 to release the unstable phytoalexin which 
subsequently catalyses to the benzoxazolinones. Plants and plant pathogens overcome 
benzoxazinones and benzoxazolinones via the detailed approaches. Whilst metabolites 
have been isolated from plants, insects, bacteria and fungi, enzymes responsible of 
detoxification have been identified only in fungi.  
1.10 Knowledge gaps in F. pseudograminearum virulence 
 
The ability of F. pseudograminearum to deal with wheat chemical defences during 
disease development has been considered important for pathogen virulence. In the context 
of this thesis, the detoxification of benzoxazolinones is suspected of being an important 
virulence factor in this pathogen. Indeed higher BOA concentrations in Danish wheat 
varieties correlates with increased Fusarium head blight resistance (Soltoft et al., 2008). 
However, currently no information is available as to whether F. pseudograminearum can 
detoxify benzoxazolinones. Therefore, identifying the genetic basis for benzoxazolinone 
degradation to aminophenols and malonamic acids is important. In the absence of strong 
host resistance, a better understanding of the fungal pathogen that this project provides is 
required to enable improved crop protection strategies. 
The maize pathogen F. verticillioides can degrade the two predominant maize 
benzoxazolinones, BOA and MBOA via the toxic aminophenol intermediates, 2-AP and  
2-AMP, which are subsequently converted to non-toxic malonamic acids, HPMA and 
HMPMA, by a N-malonyltransferase encoded by Fdb2 (Glenn & Bacon, 2009; Glenn et al., 
2002; Glenn et al., 2003). Surprisingly, mutants of F. verticillioides unable to process 
benzoxazolinones have only been shown for FDB2. The contribution of benzoxazolinone 
degradation, by the other members of the FDB gene cluster, remains to be functionally 
analysed. In F. verticillioides, two genomic regions are required for benzoxazolinone 
degradation (Glenn et al., 2002). 
In the interests of this thesis, the main knowledge gaps identified were in the areas of: 
(i) the roles of individual genes located in the FDB gene cluster in benzoxazolinone 
degradation; and (ii) whether benzoxazolinone detoxification, if it is shown to occur by  
F. pseudograminearum, could contribute to disease development on wheat as a virulence 
factor. 
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1.11 Aims and Rationale of Research 
This project aims to identify the genes and functional mechanisms of detoxification of 
benzoxazolinones in Fusarium pseudograminearum. Candidate fungal genes were 
assessed for their roles and functions during plant infection using molecular genetic tools. 
Better understanding how fungal pathogens have adapted to their hosts can lead to the 
development of new plant protection strategies.  
1.11.1  Hypothesis 
The wheat pathogen F. pseudograminearum and the maize pathogen F. verticillioides seem 
to share the Fusarium Detoxification of Benzoxazolinones (FDB) gene cluster implicated in 
the detoxification of benzoxazolinones. I asked the question, if the putative members of this 
gene cluster could perform benzoxazolinone and aminophenol detoxification functions in F. 
pseudograminearum, and if so, this function, especially FDB2, could contribute to pathogen 
virulence on wheat.  
1.11.2  Aims 
In plant-pathogen interactions the pathogens employ a variety of mechanisms, including 
deployment of enzymes, to degrade plant defence compounds and/or gain access to host 
nutrients. However, the specific virulence mechanisms employed by Fusarium species 
infecting wheat and more specifically whether these pathogens overcome benzoxazolinone 
defences are largely unknown. Therefore, a concerted effort has been made in this PhD 
project to shed new light on the functional characterisation of F. pseudograminum gene 
suspected in benzoxazolinone degradation.  
This project aimed to: 
o functionally analyse the F. pseudograminearum FPSE_08124 gene proposed to 
encode Fdb1, a lactamase performing the first step in detoxification of 
benzoxazolinones to produce aminophenols. (Chapter Two) 
o investigate the F. pseudograminearum FPSE_08123 gene proposed to encode 
Fdb2, an acyltransferase performing the second step in detoxification of 
benzoxazolinones; acylation of the aminophenol intermediate from Fdb1  
(Chapter Three) 
o characterise the F. pseudograminearum FPSE_08122 gene proposed to encode 
Fdb3, a transcription factor involved in transcriptional control of the FDB gene 
cluster (Chapter Four). 
o functionally analyse F. pseudograminearum FPSE_08121 gene, a transcription 
factor encoding gene located next to FDB3 in the pathogen genome. This gene, 
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whilst conserved in some Fusarium spp., has not been investigated for 
performing transcriptional control of the FDB gene cluster (Chapter Four). 
o examine the function of F. pseudograminearum genes (FPSE_08120, 
FPSE_08125, FPSE_08126, FPSE_08127) surrounding the FDB genes, FDB1, 
FDB2 and FDB3, found to contribute to detoxification of benzoxazolinones. 
(Chapter Four). 
1.12 Thesis overview 
  The thesis is organised into five chapters. This chapter serves as an introduction to  
the research project. Chapter Two details the characterisation of Fdb1, a lactamase that is 
the enzyme responsible for the first step in benzoxazolinone degradation in  
F. pseudograminearum. Chapter Three details results of research into Fdb2, an N-malonyl-
transferase enzyme catalysing to the second step in benzoxazolinone degradation in  
F. pseudograminearum and importantly the fdb2 knockout isolates show reduced virulence 
in wheat head blight assays, suggesting that Fdb2 contributes to pathogen virulence . 
Chapter Four describes results of the transcription factor, Fdb3, found to regulate MBOA 
responsive transcriptional regulation of the FDB gene cluster and research into the genes 
surrounding the FDB locus. The final chapter, Chapter Five, summarises the research 
findings and speculates on the impact, implication and future application of this research. 
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Chapter Two 
A γ-lactamase from cereal infecting Fusarium spp. catalyses the first step in the 
degradation of the benzoxazolinone class of phytoalexins 
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2.1 Summary 
 
The benzoxazolinone class of phytoalexins are released by wheat, maize, rye and other 
agriculturally important species in the Poaceae family upon pathogen attack. 
Benzoxazolinones show antimicrobial effects on plant pathogens, but certain fungi have 
evolved mechanisms to actively detoxify these compounds which may contribute to the 
virulence of the pathogens. In many Fusarium spp. a cluster of genes is thought to be 
involved in the detoxification of benzoxazolinones. However, only one enzyme encoded in 
the cluster has been unequivocally assigned a role in this process. The first step in the 
detoxification of benzoxazolinones in Fusarium spp. involves the hydrolysis of a cyclic ester 
bond. This reaction is encoded by the FDB1 locus in F. verticillioides but the underlying gene 
is yet to be cloned. We previously proposed that FDB1 encodes a γ-lactamase, and here 
direct evidence for this is presented. Expression analyses in the important wheat pathogen 
F. pseudograminearum demonstrated that amongst the three predicted γ-lactamase genes 
only the one designated as FDB1, part of the proposed benzoxazolinone cluster in 
F. pseudograminearum, was strongly responsive to exogenous benzoxazolinone 
application. Analysis of independent F. pseudograminearum and F. graminearum FDB1 
gene deletion mutants, as well as biochemical assays, demonstrated that the γ-lactamase 
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enzyme, encoded by FDB1, catalyses the first step in detoxification of benzoxazolinones . 
Overall, our results support the notion that Fusarium pathogens that cause crown rot and 
head blight on wheat have adopted strategies to overcome host-derived chemical defence 
2.2 Introduction 
 
The production of phytoalexins (chemicals that have anti-pathogen or anti-pest activity) is a 
major component of the defence response of plants to various biotic stresses (Ahuja et al., 
2012). In turn, pathogens have typically evolved mechanisms to overcome these defences. 
However, in most cases the specific mechanisms involved in fungal deactivation of 
phytoalexins are not well understood. 
The benzoxazinoids, which are biosynthetically derived from indole, are a major class 
of plant defence compounds produced by various plants, such as Poaceae (Frey et al., 
2009). Benzoxazinoid precursors are stored in vacuoles as glucosides (Frey et al., 2009) 
and are released upon pathogen or pest attack and subsequently de-glycosylated. 
Autocatalysis, liberating formic acid (Niemeyer, 1988), produces the active 
benzoxazolinones, which contain a nitrogenous hetero-pentacyclic ring (Maag et al., 2014). 
The reactivity of the nitrogen group in this ring is considered to be the basis of 
benzoxazolinone toxicity (Hashimoto & Shudo, 1996). Benzoxazolinones are also exuded 
by roots into soil to perform allelochemical (Zheng et al., 2010) and rhizosphere manipulation 
functions (Neal et al., 2012). The two major benzoxazolinones found in wheat (Triticum 
aestivum L.) are 6-methoxy-benzoxazolin-2-one (MBOA) and benzoxazolin-2-one (BOA) 
(Villagrasa et al., 2006). 
A variety of organisms, including bacteria, fungi, insects and plant species, show 
tolerance to benzoxazolinones. Detoxification of benzoxazolinones can be achieved by at 
least two distinct mechanisms. Plants and insects appear to utilise conjugative detoxi fication 
mechanisms, which include O- and N- glycosylation of the hetero-pentacyclic ring (Schulz 
& Wieland, 1999), and conjugation to glutathione (Maag et al., 2014; Schulz et al., 2012; 
Wieland et al., 1998). In contrast, fungi and bacteria use degradative detoxification 
mechanisms whereby the hetero-pentacyclic ring is opened and the product is either 
partially or completely catabolised (Chase et al., 1991; Friebe et al., 1998; Macias et al., 
2005). 
Studies on detoxification mechanisms of benzoxazolinones have been conducted on 
a broad range of fungi including four endophytic fungi isolated from red aphelandra 
(Aphelandra tetragona) (Zikmundova et al., 2002), as well as Gaeumannomyces graminis 
and Fusarium culmorum, pathogens of wheat, barley and oats (Friebe et al., 1998), and  
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F. verticillioides, a pathogen of maize (Glenn et al., 2001). To overcome toxicity of 
benzoxazolinones, some Fusarium spp. detoxify these molecules via a ring opening reaction 
and decarboxylation (Glenn et al., 2003) generating aminophenols, which are themselves 
toxic and require further metabolism. In F. verticillioides two distinct genetic loci are required 
for degradation of benzoxazolinones and aminophenols. The Fusarium Detoxification of 
Benzoxazolinone 1 (FDB1) locus is hypothesised to encode an enzyme that catalyses the 
first step in detoxification of benzoxazolinones to the fungistatic aminophenols. Subsequent 
conjugation of an acyl group by Fdb2 encoded at the second locus forms non-toxic acids 
(Glenn & Bacon, 2009) (Figure 2.1). 
 
 
Figure 2.1. Fusarium detoxification of benzoxazolinone (FDB) pathway. Fdb1 
metabolizes the benzoxazolinones, eg. benzoxazolin-2-one (BOA), to aminophenols, eg.  
2-aminophenol (2-AP). Fdb2 metabolizes aminophenols via N- malonylation to non-toxic 
malonamic acids, eg. N-(2-hydroxyphenyl) malonamic acid (HPMA) (Glenn & Bacon, 2009). 
Grey arrow indicates spontaneous oxidation of 2-AP to 2-amino-phenoxazin-3-one (2-APO) 
(Gagliardo & Chilton, 1992). The figure was adapted from that presented in Glenn and 
Bacon (2009). 
We have previously shown that detoxification of aminophenols by a N-acyl transferase, 
Fdb2, in the F. pseudograminearum FDB gene cluster is important for virulence on wheat 
(Kettle et al., 2015a). However, the specific genetic identity of Fdb1, proposed to be a 
hydrolytic enzyme that performs transformation of benzoxazolinones, remains to be 
identified (Glenn et al., 2003). Genomic comparisons of the FDB gene cluster in 
F. pseudograminearum to that in F. verticillioides (Glenn et al., 2002) identified a single 
lactamase-encoding gene that was previously proposed (but not demonstrated) to encode 
the Fdb1 function (Kettle et al., 2015a). 
In this study, the γ-lactamase encoding gene FDB1 located in the main FDB gene cluster 
in F. pseudograminearum and F. graminearum (Kettle et al., 2015b) has been functionally 
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characterised via both biochemical assays and gene knockouts. Our results show that Fdb1 
acts upon benzoxazolinones to produce aminophenols and is important for resistance of at 
least two Fusarium species to benzoxazolinone compounds. 
2.3 Experimental Procedures 
2.3.1 Fungal isolates and growth 
 
All fungi were maintained on half strength potato dextrose agar (½ PDA).  
F. pseudograminearum isolate CS3096 and F. graminearum isolate CS3005 were selected 
for transformation (Akinsanmi et al., 2004).  
2.3.2 Vector construction and fungal transformation 
 
The F. pseudograminearum Fdb1 deletion vector was constructed as follows. FDB1 
promoter and downstream genomic regions were separately amplified using Phusion DNA 
polymerase (Thermo Fischer Scientific) using primers FpFDB1proF & FpFDB1proR and 
FpFDB1downF & FpFDB1downR (971 bp upstream and 970 bp downstream products).  
A neomycin phosphotransferase (NPT) cassette was amplified from pAN9.1 including the 
Aspergillus nidulans gpdA promoter (Gardiner et al., 2009). The PCR products were 
assembled together, guided by homologous regions in the primers, in the order upstream, 
NPT and downstream amplification products into an HindIII-XbaI opened pYES2 vector 
using yeast strain BY4743 (Thermo Fischer Scientific) with transformation as previously 
described (Gietz & Schiestl, 2007). FDB1 complementation vector was assembled from 
PCR amplified products from the F. pseudograminearum FDB1 locus using primers 
FpFDB1proF & FpFDB1compR, a hygromycin B resistance cassette using primers hygF & 
hygR and an opened pYES2 vector. Primer sequences are given in Table 2.1. Fungal 
transformation was performed as previously described (Gardiner et al., 2012). Mutants 
identified growing on 50 mg L-1 G418 (Sigma-Aldrich) or 50 mg L-1 hygromycin (Roche) 
selective media were reisolated from a single conidium and DNA extracts (Red Extract-N-
Amp kit, Sigma-Aldrich) tested with a combination of three primers (FpFDB1A, FpFDB1B & 
FpFDB1C; Table 2.1) to determine deletion of FDB1. 
As whole genome sequencing is relatively inexpensive and the data generated can 
be used for multiple purposes (i.e. checking both if the target gene has been deleted without 
introduction of any background mutation), genome sequencing to further analyse the Δfdb1 
strains was performed as previously described (Kettle et al., 2015a). CLCbio Genomics 
Workbench version 7.0 was used for mapping. 
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To delete F. graminearum FDB1 the construct was synthesised as previously 
described (Kettle et al., 2015a). Briefly, 1000 bp of sequence immediately upstream of the 
F. graminearum FDB1 start codon was followed by a gatgtccacgaggtctctctgtcaagtattcaa-
ggccgcgtacgctgcaggtcgac barcode sequence, a nourseothricin resistance cassette and 993 
bp of sequence immediately downstream of the FDB1 stop codon. Transformants were 
selected on 50 mg L-1 nourseothricin sulfate (Werner Bioagents). A three primer (FgFDB1A, 
FgFDB1B & FgFDB1C; Table 2.1) PCR assay using Red Extract-N-Amp kit (Sigma-Aldrich) 
was used to identify transformants lacking FGSG_00079 (the F. graminearum CS3005 
strain annotation locus tag is FG05_00079 (Gardiner et al., 2014)).  
2.3.3 Chemical sensitivity assays 
 
Stock solutions of 100 g L-1 of gramine, BOA, MBOA and 2-AP (Sigma Aldrich) were made 
in DMSO. Gramine, BOA, MBOA and 2-AP sensitivity was assessed using growth on solid 
media amended with the test compounds compared to solvent (DMSO) amended media in 
a method adapted from Martyniuk et al. (2006) as described in chapter three (Kettle et al., 
2015a).  
2.3.4 Thin layer chromatography 
 
Benzoxazolinone and intermediates degradation by Fusarium species and Δfdb1 strains 
were assessed using the agar plug thin-layer chromatography (TLC) method developed by 
Glenn et al. (2001) and as previously described (Kettle et al., 2015a).  
2.3.5 RT-qPCR 
 
The BOA-treated F. pseudograminearum (CS3096) time-course assay used was as 
previously described (Kettle et al., 2015a). Four biological replicates were used for each 
treatment. RT-qPCR was performed as previously published (Gardiner et al., 2009). Primer 
sequences are as previously described (Kettle et al., 2015a) and additionally in Table 2.1.   
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Table 2.1. Primers used in this study for transformation construct generation and PCR 
screening of transformants. 
Name Sequence Use 
FpFDB1proF CTGTAATACGACTCACTATAGGGAATATT
ACCAAGCGTTGGTTGAGATTT 
Amplify F. pseudograminearum 
(Fp) FDB1 promoter region. 5’ 
end of primer binds to pYES2 
vector. 
FpFDB1proR CTTGTGTTGTGTGACTTTTGGTTACGCCGT
GGCTGCAGTGTGATGCGATG 
Amplify Fp FDB1 promoter 
region. 5’ end of primer binds to 
pAN9.1 neomycin cassette. 
FpFDB1downF GGCCCTGCCATAGCCTCAGGTTAAAGCTT
GCATTTTAAATTTCTCTTTTAATTTC 
 
Amplify Fp FDB1 downstream 
region. 5’ end of primer binds to 
pAN9.1 neomycin cassette. 
FpFDB1downR GTGACATAACTAATTACATGATGCGGCCC
TCGGCATGTAGATACACCCCTA 
 
Amplify Fp FDB1 promoter 
region. 5’ end of primer binds to 
pYES2 vector. 
FpFDB1compR AAGTGCTCCTTCAATATCATCTTCTGTCGA
CGGCATGTAGATACACCCCTA 
Amplify Fp FDB1 complement 
region.  
neoF ACGGCGTAACCAAAAGTCAC 
 
Amplify pAN9.1 neomycin 
phosphotransferase cassette. 
Used in knockout. 
neoR CAAGCTTTAACCTGAGGCTATG 
 
Amplify pAN9.1 neomycin 
phosphotransferase cassette. 
Used in knockout. 
hygF TCGACAGAAGATGATATTGAAGGAGCACT
TTTTGGGCTTGGC 
 
Amplify HygR cassette from 
pUChph vector. Used in Fp 
FDB1 complement construct. 
hygR GTGACATAACTAATTACATGATGCGGCCC
TCCATCTTAGTAGGAATGATTTTCG  
 
Amplify HygR cassette. 5’ end 
of primer binds to pYES2 
vector. 
FpFDB1A CAGCCGACCTTGTTCCCCGG 
 
Fp FDB1 mutant PCR 
screening assay. Binds to 
FDB1 promoter region. 
FpFDB1B GCGGTCCTGCAACAAAAAGC Fp FDB1 mutant PCR 
screening assay. Binds to 
FDB1 cDNA region. 
FpFDB1C GAGCTCACGAGTTCGTCACA Fp FDB1 mutant PCR 
screening assay. Binds to 
pAN9.1 cassette region. 
FgFDB1A ACCAGCTGTCTATGTTGGGG F. graminearum (Fg) FDB1 
mutant PCR screening assay. 
Binds to FDB1 promoter region. 
FgFDB1B CTGGAATAGCGGATTTGGAG Fg FDB1 mutant PCR 
screening assay. Binds to 
FDB1 cDNA region. 
FgFDB1C CGTGTCGTCAAGAGTGGTCA Fg FDB1 mutant PCR 
screening assay. Binds to NST 
cassette region. 
FpFdb1enzF CGCGCGCTAGCATGTCATCTATTCGTCTCC
CACCCC 
Fp FDB1 cDNA region with 
NheI restriction site. 
FpFdb1enzR GCGCGGAGCTCTTATACGAATGAGGGATC
GTGAAGC 
Fp FDB1 cDNA region with 
SacI restriction site. 
FPSE_08188F GGAGGATGTAGTCCTTGCCA RT-qPCR primer.  
FPSE_08188R TCAAGATTGGTCAGTTCCCC RT-qPCR primer. 
FPSE_08361F CGGAACATCAAGGTCCAAGT RT-qPCR primer. 
FPSE_08361R CTCATCGGGAAATAAGGCAA RT-qPCR primer. 
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2.3.6 Purification of Fdb1 
 
The Fdb1 expression construct was made with a PCR amplified product from  
F. pseudograminearum CS3096 gDNA using primers FpFbd1enzF & FpFdb1enzR ligated 
to an NheI-SacI opened pET-28a(+) vector. Primer sequences are given in Table 2.1. 
Recombinant E. coli BL21(DE3)pLysS containing the FDB1 construct was grown in Luria-
Bertani media containing 34 µg mL-1 kanamycin at 37°C. The culture was induced with 0.2 
mM IPTG when the optical density reached 0.6-0.8 at 600 nm. Cultures were grown 
overnight at 15°C while being shaken at 200 rpm. Cells were harvested by centrifugation at 
10410g for eight minutes and frozen at -20°C. 
Pellets were thawed, resuspended in 20 mM HEPES, pH 8.5 and lysed by two passes 
through a cell disrupter (Constant Systems) at a pressure of 26 kPSI. Cellular debris was 
removed by centrifugation at 26895g and filtered through a 0.45 μm filter. The clarified 
lysate was incubated in 50 mM sodium phosphate with 300 mM NaCl and 20 mM imidazole 
(pH 8.0) for one hour with NiNTA agarose (MCLAB) at 4°C. The resin was then poured into 
a column and washed with the above buffer. The protein was eluted by increasing the 
imidazole concentration to 250 mM. The buffer was changed to 50 mM sodium phosphate 
(pH 7.4) by dilutions in a stirred cell containing a YM10 filter (Amicon). The poly-histidine tag 
was removed by incubating the 1 mL aliquots of the protein with thrombin for 90 minutes at 
25°C with 11% glycerol and 1 unit of thrombin. Thrombin was removed by incubation with 
p-aminobenzamidine-agarose and the cleaved histidine tag and any residual un-cleaved 
histidine-tagged protein was removed with a further incubation with NiNTA agarose. The 
buffer was then changed to 20 mM HEPES (pH 8.5) and the enzyme was aliquoted and 
stored at -80°C. 
2.3.7 Assessment of purity, concentration and molecular mass  
 
Protein concentration was assessed by the Pierce™ BCA Protein Assay Kit (Thermo Fischer 
Scientific) using Bovine Serum Albumin as a standard. Sodium dodecyl sulfate -
polyacrylamide gel electrophoresis (SDS-PAGE) was performed using BOLT 4-12%  
Bis-Tris Plus gels and stained with SimplyBlue™ SafeStain (Life Technologies) to monitor 
purification and assess the cleavage of the 6xHis tag. SeeBlue® Plus2 was used at a 
standard with molecular weights between 4–250 kDa.  
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2.3.8 Fdb1 activity 
 
The ability of purified Fdb1 to degrade BOA and MBOA in vitro was assessed by liquid 
chromatography. Fdb1 or buffer (control) was incubated with 300 µM BOA or MBOA for  
15 minutes in one mL of 50 mM Tris pH 7.0. The reaction was quenched with concentrated 
HCl and 500 µL was subjected to analysis using an AKTA Pure 25 chromatography system 
(GE Healthcare) equipped with a KinetexTM 5 µm EVO C18 column (150 x 4.6 mm, 
Phenomenex). Samples were eluted at a flow rate of 1.5 mL per minute using 0.1% formic 
acid (buffer A) and acetonitrile (buffer B) with the following gradient: 20% B for 2 minutes, 
followed by a linear gradient from 20% B to 70% B over 6 minutes, 3 minutes at 70% B and 
finishing with a equilibration at 20% B for 5 minutes. BOA was measured at 218 nm and 
MBOA at 288 nm.  
The activity of Fdb1 was also assessed discontinuously by measuring the production of 
2-APO. Varying concentrations of BOA were incubated with Fdb1 in 5 mL of 50 mM Tris pH 
7.0. One mL aliquots were removed every 5 minutes and the reaction was quenched with  
1 mM CuCl2. In addition to stopping the enzymatic reaction the copper chloride acted as a 
catalyst to oxidize the 2-AP to 2-APO (Puiu et al., 2007). The reaction was allowed to fully 
oxidize for 150 minutes (no further oxidation occurred after 120 minutes) and the 
absorbance measured at 434 nm. The extinction coefficient of 2-APO was taken to be 23200 
M-1 cm-1 (Puiu et al., 2007). Linear regression was used to determine the velocity of the 
reaction at each substrate concentration. The amount of 2-AP produced was determined 
from the stoichiometric ratio of 2:1 for each molecules of 2-APO produced. The data was 
fitted to the Michaelis-Menten equation by non-linear regression using GraphPad Prism 6. 
The  sequence of Fdb1 was analysed for a signal sequence using SignalP (Petersen et 
al., 2011) and subcellular localisation using WolF PSORT (Horton et al., 2007). 
2.4 Results 
2.4.1 F. pseudograminearum FDB1 is transcriptionally responsive to exogenous BOA 
 
We previously demonstrated that FPSE_08124 (hereafter termed FDB1) was 
transcriptionally responsive to BOA treatment with a characteristic FDB gene cluster 
expression profile as measured by reverse transcriptase quantitative PCR (RT-qPCR) 
(Kettle et al., 2015a). To determine if there are other closely matching lactamase encoding 
genes that respond to BOA treatment, the F. pseudograminearum predicted proteome was 
searched for Fdb1 homologues using BLASTp. Two putative lactamase proteins with 
sequence similarity to Fdb1 were found; FPSE_08188 (59.7% query coverage, 41.7% amino 
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acid identity, e-value 1.1×10-90) and FPSE_08361 (58.3% query coverage, 39.24% amino 
acid identity, e-value 3.1×10-81). The responsiveness of these putative lactamase encoding 
genes to BOA was investigated by RT-qPCR over a BOA treatment time-course relative to 
control samples treated with DMSO. As previously reported (Kettle et al., 2015a), FDB1 
expression increased two hours post induction (hpi) with BOA, peaking at ~400 fold at  
12 hpi and then decreasing at 24 hpi. Expression from FPSE_08188, the closest match to 
Fdb1, could not be detected via RT-qPCR and FPSE_08361 did not display as large an 
expression change as FDB1 (Figure 2.2). In addition, the expression profile of FPSE_08361 
was not similar to the expression of FDB1, with a correlation coefficient of -0.06. Although 
FPSE_08361 transiently responded to BOA, based on the stronger transcriptional 
responsiveness of FDB1, and genomic location of FDB1 neighbouring FDB2, we concluded 
the putative lactamase-encoding gene in F. pseudograminearum was FDB1 and this was 
investigated further. 
 
 
 
Figure 2.2. Transcriptional response of FDB1 and another putative lactamase 
encoding gene (FPSE_08361) to benzoxazolin-2-one (BOA). Horizontal axes represent 
hours post inoculation (hpi) to BOA. Vertical axes represent expression fold change relative 
to solvent (DMSO) treated controls. Error bars represent the standard error of the mean for 
three biological replicates for BOA and DMSO controls at each time point. Data for FDB1 
(Kettle et al., 2015a) has been previously published from this experiment and has been  
included for clarity. 
2.4.2 Fdb1 processes BOA to 2-AP  
 
The genomic location in the FDB cluster, transcriptional responsiveness to BOA and 
predicted function make Fdb1 a prime candidate for catalysing the first step of 
benzoxazolinone degradation in multiple Fusarium species. The Fdb1 animo acid sequence 
has no recognisable export signal sequence assessed by SignalP (Petersen et al., 2011) 
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and is predicted to be cytoplasmic by WolF PSORT (Horton et al., 2007). To test the 
enzymatic function of Fdb1, the F. pseudograminearum protein was heterologously 
expressed in E. coli and purified by nickel ion affinity chromatography (Figure 2.3A). In end 
point assays, purified Fdb1 was able to completely convert all BOA and MBOA to anothe r 
product, as observed by both liquid chromatography and thin layer chromatography (TLC) 
(Figure 2.4). In a BOA degradation enzymatic assay that utilised the spontaneous oxidation 
of the 2-AP to the coloured compound 2-amino-phenoxazin-3-one (2-APO) in the presence 
of copper, Fdb1 was determined to have a Km of 0.19 ± 0.02 mM, a kcat of 4.2 ± 0.1 (s-1) and 
a catalytic efficiency (kcat/Km) of 2.2 ± 0.2 x 104 M-1 s-1 towards BOA as a substrate (Figure 
2.3B). 
 
Figure 2.3. Fdb1 purification and activity. (A) SDS-PAGE of F. pseudograminearum Fdb1 
purified from E. coli BL21(DE3)pLysS. From left, molecular weight marker, Ni-affinity purified 
His-tagged Fdb1 and Fdb1 with the His tag removed by proteolytic cleavage. (B) Plot of a 
specific activity of Fdb1 utilizing BOA as a substrate. 
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Figure 2.4. Degradation of benzoxazolinones by F. pseudograminearum Fdb1.  
(A) HPLC traces of BOA and MBOA degradation. (B) Degradation products of BOA and 
MBOA are proposed to be 2-AP and 5-methoxy-2-aminophenol (2-AMP), respectively 
(Glenn et al., 2003). Products of BOA and MBOA degradation are clearly distinguishable on 
the via thin layer chromatography separation, presumed to be the spontaneously oxidized 
compounds, 2-amino-3H-phenoxazin-3-one (2-APO) and 2-amino-7-methoxy-3H-
phenoxazin-3-one (2-AMPO), respectively. The different detection methods used for the 
HPLC (absorbance) and TLC (fluorescence) analyses are likely to account for the differing 
relative intensities of substrate and product observed using these different techniques for 
the Fdb1 assay. 
2.4.3 Fdb1 is not essential for growth in axenic culture 
 
To confirm the involvement of Fdb1 in benzoxazolinone detoxification in vivo, FDB1 was 
deleted from F. pseudograminearum isolate CS3096 and F. graminearum isolate CS3005. 
In F. pseudograminearum the entire FDB1 gene (1242 bp) was replaced by a geneticin 
resistance gene cassette via homologous recombination. Transformants were initially 
screened using a triplex PCR assay and four independent mutants were identified (Figure 
2.5A). Whole genome sequencing of the mutant strains at approximately 25-fold coverage 
confirmed the absence of the entire gene in four independent mutants. Mapping reads to 
the parent CS3096 genome showed coverage consistent with an alteration limited to the 
FDB1 locus (Figure 2.5B & Figure 2.6). All other predicted genes in the genome showed 
some reads mapping to them, albeit not complete coverage in all cases. However 
incomplete coverage is to be expected for short read coverage at ~20-fold. Mapping reads 
to the predicted mutant locus sequence showed coverage consistent with a single insertion 
at the FDB1 locus and absence of the plasmid backbone in only two mutants which were 
selected for the studies reported here (Figure 2.5B). The other two mutants had more than 
one copy of the transforming DNA including the vector backbone (Figure 2.6). All mutants 
had comparable growth on media to the wild type with respect to hyphal growth on solid 
media (p-value ≥ 0.47) (Figure 2.7 & Figure 2.8). In F. graminearum, the entire FDB1 gene 
(FGSG_00079, 1242 bp) was replaced by a nourseothricin resistance cassette via 
homologous recombination and transformants screened using a triplex PCR assay (Figure 
2.9). Sequence data for Fdb1 mutants have been deposited in the NCBI Sequence Read 
Archive (http://www.ncbi.nlm.nih.gov/Traces/sra/) as Δfdb1#1 (SRR2060957), Δfdb1#2 
(SRR2060958), Δfdb1#3 (SRR2060959), and Δfdb1#4 (SRR2060960). 
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Figure 2.5. FDB1 deletion from Fusarium pseudograminearum CS3096. (A) Triplex 
PCR screen to detect successful gene deletion. The PCR assay used three primers (A, B 
and C) to initially screen transformants for successful homologous recombination. The assay 
was designed such that an intact FDB1 locus yielded a smaller product than transformants 
containing the FDB1 deletion cassette. CS3096 genomic DNA, and the plasmid used for 
targeted gene disruption were used as controls. Five transformants are shown; four 
knockouts and an ectopic insertion. (B) Sequence reads from the Δfdb1#1 and Δfdb1#3 
mutants mapped to the sequence of the CS3096 predicted deletion locus, parental isolate’s 
FDB1 genomic region and plasmid used in transformation. Read coverage graphs are 
shown below each locus diagram.  
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Figure 2.6. Genome sequencing indicates presence of plasmid in Δfdb1 #2 & #4 
knock-outs. Sequence reads from the Δfdb1#2 & #4 mutant mapped to the predicted 
deletion locus, parental isolate’s genomic region and the transformation plasmid. 
Representative read coverage graphs are shown below each locus diagram. Light grey 
shading of recombination fragment indicates homologous recombination area. 
2.4.4 Fdb1 is essential for tolerance to benzoxazolinones but not aminophenols in 
F. pseudograminearum and F. graminearum 
 
The relative ability of Δfdb1 mutants to grow in the presence of benzoxazolinones was tested 
on solid media in Petri plates. Compared to the parental strain, Δ fdb1 strains showed 
significantly reduced growth at seven days on media amended with 0.5 mg mL -1 BOA and 
MBOA (BOA: p-value ≤ 3.1610-3 , MBOA: p-value ≤ 1.9510-2, Figure 2.7A,B) and more 
unprocessed BOA and MBOA remained in media of knockouts than the parental strain 
(Figure 2.7C). Δfdb1 strains did not show significantly reduced growth at seven days on 
media amended with 0.2 mg mL-1 BOA compared to the parental strain (p-value ≥ 0.11, data 
not shown). There was no statistical difference observed between the independent mutants 
on any benzoxazolinone amended media conditions tested (p-value ≥ 0.18). 
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Complementation of F. pseudograminearum Δfdb1#1 with the FDB1 gene, including 971 bp 
upstream and 970 bp downstream of the coding sequence, restored benzoxazolinone 
detoxification (Figure 2.7) confirming the function of this gene. 
The growth of a F. graminearum FDB1 knockout grown on 0.5 mg mL-1 BOA 
amended media was also reduced compared to the parental strain (p-value ≤ 3.710-3, 
Figure 2.10). Growth of the F. graminearum FDB1 knockout on MBOA amended media was 
indistinguishable from the parental strain CS3005 (Figure 2.10A). The TLC profile comparing 
detoxification products of FDB1 knockout with those of parental strain also showed no 
difference (Figure 2.10C). Unprocessed MBOA remained in media of both parental and 
Δfdb1 isolates with an absence of identifiable catabolic products. These results are 
consistent with our previous report that F. graminearum is unable to process MBOA (Kettle 
et al., 2015a). Complementation of the F. graminearum FDB1 mutant with FDB1 orthologues 
from F. pseudograminearum and F. verticillioides (FVEG_08291) remains to be conducted 
and is a future investigation in our laboratory. 
In F. pseudograminearum, F. graminearum and F. verticillioides, processing of the 
intermediate of BOA degradation, 2-aminophenol (2-AP), is performed by Fdb2, an  
N-malonyltransferase (Glenn & Bacon, 2009; Kettle et al., 2015a). To determine whether 
Fdb1 influences aminophenol detoxification, we tested the relative ability of FDB1 mutants 
to grow in the presence of 2-AP. As expected, all F. pseudograminearum Δfdb1 strains 
maintained the ability to grow on media amended with 2-AP (Figure 2.11). The growth of  
F. graminearum FDB1 knockouts grown on 0.5 mg mL-1 2-AP amended media was also 
indistinguishable from the parental strain and 2-AP was completely removed from the media 
(Figure 2.10). 
Although growth of the Δfdb1 strain of F. graminearum showed clear reductions in 
growth on BOA containing media, the mutant still maintained some ability to tolerate 
benzoxazolinones. Indeed at lower BOA concentrations such as 0.2 mg mL-1, the growth 
difference between parent and mutant strains (tested with the F. pseudograminearum parent 
and Δfdb1 mutant strain) becomes less evident (Figure 2.12). Together this suggests a 
secondary mechanism of BOA tolerance exists in these Fusarium spp. Also since BOA 
remains in the media after growth of the F. graminearum Δfdb1 strain (Figure 2.10), this 
secondary mechanism is not expected to be degradative. 
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Figure 2.7. FDB1 is required for tolerance to benzoxazolinones in  
F. pseudograminearum. (A) Exemplar photographs of the parental Fusarium 
pseudograminearum strain CS3096 (WT), Δfdb1#1 and Δfdb1#3 strains growing on half 
strength potato dextrose agar (½ PDA) amended with 0.5 mg mL-1 of benzoxazolin-2-one 
(BOA) and 6-methoxy-benzoxazolin-2-one (MBOA) at 8 days post inoculation. DMSO was 
used as a control. Rings indicate daily growth. (B) Growth quantification of Δfdb1#1 and WT 
on ½ PDA amended with compounds as indicated. Vertical axes represent the percentage 
of growth relative to the DMSO control. t-tests were performed comparing the parental strain 
and both Δfdb1 mutants on data collected at seven days post inoculation (dpi). Statistically 
significant differences were observed for both mutants compared to the parental strain at 
seven days growth on BOA and MBOA, but not DMSO. Error bars represent the standard 
error of the mean from three biological replicates. (C) Comparison of benzoxazolinone 
degradation via thin layer chromatography (TLC) by parental F. pseudograminearum 
CS3096 (WT) and Δfdb1#1 strain on amended ½ PDA. (D) Exemplar photographs of WT, 
Δfdb1 strain, and complemented Δfdb1::FDB1#4 strain. Isolates growing on ½ PDA 
amended with 0.5 mg mL-1 of BOA at six days post inoculation. DMSO was used as a 
control. (E) Quantification of growth of WT, Δfdb1#1 and Δfdb1::FDB1#4 on ½ PDA 
amended media as indicated. Vertical axes represent the percentage of growth relative to 
the DMSO control. Following five days of growth t-tests were performed comparing the 
parental strain and Δfdb1::FDB1#4 complemented mutant. No statistically significant 
difference was observed for the complemented mutant compared to the parental strain when 
growing on BOA (p-value 0.77). Error bars represent the standard error of the mean for three 
biological replicates. (F) Comparison of BOA degradation via TLC by isolates on amended 
½ PDA at seven dpi. The BOA and MBOA metabolites are proposed to be  
N-(2-hydroxyphenyl) malonamic acid (HPMA) and N-(2-hydroxy-4-methoxyphenyl) 
malonamic acid (HMPMA), respectively (Glenn & Bacon, 2009). 
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Figure 2.8. All Fusarium pseudograminearum Fdb1 mutants are sensitive to both 
benzoxazolin-2-one (BOA) and 6-methoxy-benzoxazolin-2-one (MBOA). Exemplar 
photographs of the parental F. pseudograminearum strain CS3096 (WT) and all Δfdb1 
strains identified by PCR screen. Isolates growing on half strength potato dextrose agar  
(½ PDA) amended with 0.5 mg mL-1 of BOA and MBOA at 8 days post inoculation. DMSO 
was used as a control. 
 
Figure 2.9. FDB1 deletion from Fusarium graminearum CS3005. Triplex PCR screen to 
detect successful gene deletion. The PCR assay used three primers (FgFDB1A, B and C) 
to initially screen transformants for successful homologous recombination. The assay was 
designed such that an intact FDB1 locus yielded a smaller product than transformants 
containing FDB1 deletion cassette. Ten strains showing successful targeting of the gene are 
shown. CS3005 genomic DNA, no DNA template and the transformation plasmid used for 
targeted gene disruption were used as PCR controls. F. graminearum CS3005 strain 
annotation FG05_00079 corresponds to the Ph-1 strain annotation FGSG_00079 (Gardiner 
et al., 2014). 
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Figure 2.10. Fusarium graminearum FDB1 is required for tolerance to benzoxazolin-
2-one (BOA) but not 2-aminophenol (2-AP). (A) Exemplar photographs of the parental 
Fusarium graminearum strain CS3005 (WT) and a Δfdb1 strain growing on half strength 
potato dextrose agar (½ PDA) amended with 0.5 mg mL-1 of BOA, 6-methoxy-benzoxazoli n-
2-one (MBOA) or 2-AP at 8 days post inoculation. Rings indicate daily growth. DMSO was 
used as a control. Rings indicate daily growth. (B) Quantification of growth of Δfdb1 and WT 
on ½ PDA amended media over four days. Vertical axes represent the percentage of growth 
relative to the DMSO control. Error bars represent the standard error of the mean from three 
biological replicates. (C) Comparison of benzoxazolinone degradation via thin layer 
chromatography (TLC) by parental F. graminearum CS3005 (WT) and a Δfdb1 strain on 
amended ½ PDA. 
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Figure 2.11. Fdb1 is not required for tolerance to 2-aminophenol (2-AP). (A) Exemplar 
photographs of the parental Fusarium pseudograminearum strain CS3096 (WT) and 
Δfdb1#1 strain growing on half strength potato dextrose agar (½ PDA) amended with  
0.2, 0.3 or 0.4 mg mL-1 of 2-AP at 6 days post inoculation. DMSO was used as a control. 
Rings indicate daily growth. (B) Quantification of growth of Δfdb1 and WT on ½ PDA 
amended media as indicated. Vertical axes represent the percentage of growth relative to 
the DMSO control. t-tests were performed comparing the parental strain and Δfdb1 mutants 
on data collected at six days post inoculation. No statistically significant differences were 
observed for the mutants compared to the parental strain when grown for six days on  
0.2 mg mL-1 of 2-AP (p-value 0.98). Error bars represent the standard error of the mean for 
three replicates. (C) Comparison of 2-AP degradation via thin layer chromatography (TLC) 
by parental F. pseudograminearum CS3096 (WT) and Δfdb1 strains on amended ½ PDA.  
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Figure 2.12. FDB1 is required for tolerance to benzoxazolinones in  
F. pseudograminearum. (A) Exemplar photographs of the parental Fusarium 
pseudograminearum strain CS3096 (WT) and the Δfdb1 strain growing on half strength 
potato dextrose agar (½ PDA) amended with 0.2 and 0.4 mg mL -1 BOA and MBOA at six 
days post inoculation (dpi). DMSO was used as a control. (B) Quantification of growth of 
Δfdb1 and WT on ½ PDA amended media as indicated. Vertical axes represent the 
percentage of growth relative to the DMSO control. Error bars represent the standard error 
of the mean for three biological replicates.  
2.5 Discussion 
 
In this study, we have shown, via biochemical assays and gene knockouts, that  
F. pseudograminearum FPSE_08124 and F. graminearum FGSG_00079 encode Fdb1, a 
γ-lactamases functioning in the benzoxazolinone catabolic pathway. Fdb1 is conserved 
across a number of Fusarium species, implying a broad ability to convert benzoxazolinones 
to aminophenols in these fungi (Kettle et al., 2015a). Whilst γ-lactamases have been isolated 
from soil- (Yang et al., 2012b) and legume-root nodulating bacteria (Zhu et al., 2014), to our 
knowledge, this is the first functional characterisation of a fungal γ-lactamase.  
In the absence of functional Fdb1, F. pseudograminearum could still tolerate 2-AP, 
consistent with the notion that Fdb2 catalyses the conversion of 2-AP to HPMA, which is 
downstream of the Fdb1 catalysed step in the detoxification pathway (Glenn & Bacon, 2009). 
The Δfdb1 mutants produced a compound that accumulated in 2-AP amended media. This 
compound was indistinguishable from that of the parental strain and is most likely  
N-(2-hydroxyphenyl) malonamic acid based on similar migration rates in TLC (Glenn & 
Bacon, 2009). In this study, other branch intermediates, such as 2-acetamidophenol in  
F. verticillioides fdb1 mutants that have previously been clearly distinguished via TLC (Glenn 
et al., 2003), were not observed in the F. pseudograminearum or F. graminearum isolates 
tested on either BOA or 2-AP amended media. 
Fdb1 has been proposed to possibly have other substrates (Glenn & Bacon, 2009). 
As the proposed mechanism of hydrolysis of γ-lactamases is dependent on the carbonyl 
oxygen on the cyclic amide ring (Line et al., 2004), it is expected that Fdb1 cannot contribute 
to tolerance to phytoalexins that do not possess this chemical structure. Therefore, testing 
the effect of Fdb1 on similarly structured plant defence compounds is required to determine 
whether Fdb1 would have a role in detoxification of other phytoalexins. For example, 
spirobrassinin produced by the mustard plant, Brassica juncea (Pedras et al., 2009), or 
heliotropamide produced by Heliotropium ovalifolium (Guntern et al., 2003) that is inhibitory 
to F. graminearum (Villarroel et al., 2001) may be potential substrates for Fdb1 as they 
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contain lactam or lactam-like rings. Other non-commercially available benzoxazolinones , 
such as 6,7-dimethoxy-2(3H)-benzoxazolinone (M2BOA) produced by maize, were not 
tested. 
The ability to detoxify benzoxazolinones in fungi has been used to define cereal 
pathogenic Fusarium spp. (Glenn et al., 2001) and we have shown that this ability 
contributes towards virulence quantitatively (Kettle et al., 2015a). However the broader 
context of benzoxazolinone detoxification is, as yet, not fully explored. For example, 
collaborative detoxification has been observed between fungal isolates (Glenn et al., 2002); 
the detoxification of other benzoxazolinones, such as M2BOA (Kumar et al., 1993), is yet to 
be associated with the FDB pathway; why F. graminearum and F. culmorum are unable to 
detoxify MBOA (Kettle et al., 2015a); and how the ability of individual species to detoxify 
benzoxazolinones for their own protection, which may impact on allelopathy functions, 
remains to be investigated. The latter of these is further complicated by the observations 
that auto-oxidised intermediates of benzoxazolinone degradation (i.e. the phenoxazinones) 
are the dominate allelochemicals in rye grown soils (Macias et al., 2005).  
The plant-benzoxazolinone-aminophenol-microbiome interaction is required to 
holistically understand the role of benzoxazolinones in cereal crops. Virulence assays 
comparing the parental strains with the FDB1 mutants are yet to be performed. 
The soil bacterium, Acinetobacter calcoaceticus, has been shown to degrade BOA to 
2-APO, most likely via biocatalysed degradation to 2-AP with non-enzymatic oxidation of  
2-AP to 2-APO (Chase et al., 1991; Gagliardo & Chilton, 1992). However the responsible 
enzyme is yet to be identified. Moreover, to date γ-lactamases have only been identified 
from bacteria, unrelated to phytoalexin detoxification (Brabban et al., 1996; Yang et al., 
2012a; Zhu et al., 2014). The confirmed role of the Fdb1 enzyme may assist identification 
of Fdb1 orthologs in other fungi, and potentially in soil-borne bacteria producing the 
phenoxazinones proposed as the phytotoxic compound in allelopathy associated with 
benzoxazolinone producing plants (Macias et al., 2014). Additionally, the FDB1 protein 
sequence did not identify a signal sequence, supporting the observation of Glenn et al., 
(Glenn et al., 2001) where they found no evidence for an extracellular localisation of 
benzoxazolinone degradation. 
Benzoxazolinone metabolism beyond malonamic acid accumulation has been 
reported for F. verticillioides, yet the genetic basis of this phenomenon remains to be fully 
understood (Glenn et al., 2002). Additionally, 2-AP did not accumulate in BOA amended-
media inoculated with F. graminearum CS3005 mutants lacking FDB2 (Kettle et al., 2015a) 
suggesting that alternative 2-AP processing may be present in this isolate. Alternative 
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aminophenol detoxification may avoid the toxic accumulation of 2-AP or its auto-oxidation 
product 2-APO (a phenoxazinone) and may additionally be beneficial for degradation of 
exogenous soil aminophenols and phenoxazinones. We propose that the genes surrounding 
FDB1 and FDB2 may be involved in subsequent metabolism of aminophenols, 
phenoxazinones and/or malonamic acids. Therefore, the genes flanking FDB1 are our next 
target of investigation. 
In conclusion, this work clearly identifies Fdb1, as the enzyme functioning in the first 
step of benzoxazolinone transformation and the production of the toxic aminophenols. Our 
understanding of the FDB gene cluster has improved, though the differential sensitivity and 
full metabolism of benzoxazolinones remains unclear. As the Fusarium crown rot disease is 
established by infection of wheat seedlings during emergence (Knight & Sutherland, 2013), 
seedling tissues that have heightened phytoalexin production may provide some protection 
against disease. As has been previously discussed (Etzerodt et al., 2008; Niemeyer & Jerez, 
1997), manipulation by either genetic modification or breeding for altered quantity or identity 
of benzoxazolinone compounds (Jonczyk et al., 2008) may contribute to enhanced crop 
protection in the future.  
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Chapter Three 
Degradation of the benzoxazolinone class of phytoalexins is important for virulence 
of Fusarium pseudograminearum towards wheat 
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3.1 Summary 
 
Wheat, maize, rye, and some other agriculturally important species in the Poaceae family 
produce the benzoxazolinone class of phytoalexins upon pest and pathogen attack. 
Benzoxazolinones can inhibit the growth of pathogens. However, certain fungi can actively 
detoxify these compounds. Despite this, a clear link between the ability to detoxify 
benzoxazolinones and pathogen virulence has not been shown. Here, through comparative 
genome analysis of several Fusarium species, we have identified a conserved genomic 
region around the FDB2 gene encoding a N-malonyltransferase enzyme known to be 
involved in benzoxazolinone degradation in the maize pathogen Fusarium verticillioides. 
Expression analyses demonstrated that a cluster of nine genes were responsive to 
exogenous benzoxazolinone in the important wheat pathogen Fusarium 
pseudograminearum. Analysis of independent F. pseudograminearum FDB2 knockouts and 
complementation of the knockout with FDB2 homologs from F. graminearum and  
F. verticillioides confirmed that the N-malonyltransferase enzyme encoded by this gene is 
central to the detoxification of benzoxazolinones, and that Fdb2 contributes quantitatively to 
virulence towards wheat in head blight inoculation assays. This contrasts with previous 
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observations in F. verticillioides, where no effect of FDB2 mutations on pathogen virulence 
towards maize was observed. Overall, our results demonstrate detoxification of 
benzoxazolinones is a strategy wheat infecting F. pseudograminearum has adopted to 
overcome host-derived chemical defences. 
3.2 Introduction 
 
Fusarium-incited diseases of cereal crops, which include Fusarium head blight (Goswami & 
Kistler, 2004), Fusarium crown rot (Moya-Elizondo, 2013) and Fusarium root rot, adversely 
affect food and feed production and threaten both food safety and security (Chakraborty & 
Newton, 2011). The most significant causal agents of these diseases in Australia, Fusarium 
pseudograminearum, F. graminearum and F. culmorum (Hogg et al., 2010) cause 
substantial losses (~AU$100 million per annum) in Australian cereal production (Murray & 
Brennan, 2009, 2010). Although F. graminearum and F. culmorum are the major pathogenic 
species in North America, Europe and Northern Asia, in Australia, F. pseudograminearum 
is the most prevalent pathogen species causing Fusarium diseases on cereals (Akinsanmi  
et al., 2004). 
Plant-produced chemical compounds play an important role in defence against 
pathogen attack. Importantly, such compounds produced by a plant may differ between the 
species of the same genus and even within the same species (Morrissey & Osbourn, 1999). 
The plant-produced defence chemicals can be broadly classified as phytoalexins that are 
synthesized de novo in response to pathogen attack, and phytoanticipins that are either 
present before pathogen attack or produced from pre-existing components following 
pathogen attack (VanEtten et al., 1994). Some plant defence compounds, such as the red 
clover (Trifolium pratense) root antimicrobial maackiain and the Poaceae family 
benzoxazinoids, can be categorized into both groups. In fact, both these defence chemicals 
have been proposed to be stored in plant vacuoles as compartmentalized phytoanticipin 
glucosides and activated in damaged plant tissue by glucosidases to aglycones (Niemeyer, 
2009; VanEtten et al., 1994). Wheat, maize, rye, and some other agriculturally important 
species in the Poaceae family produce the benzoxazolinone class of phytoalexins upon pest 
and pathogen attack. The benzoxazinoids have been shown to increase in concentration 
following pathogen attack (Oikawa et al., 2004), and in response to defence eliciting 
compounds (Oikawa et al., 2001) in maize, suggesting these compounds are phytoalexins. 
So far, only a small number of fungal resistance mechanisms to plant phytoalexins 
and phytoanticipins have been discovered, and in some instances have been shown to be 
associated with pathogen virulence (Morrissey & Osbourn, 1999). Some well characterised 
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phytoanticipin examples include fungal resistance mechanisms to avenacin, α-tomatine and 
pisatin, produced by oat (Avena sativa), tomato (Solanum lycopersicum) and pea (Pisum 
sativum), respectively. Detoxification of the avenacin by Gaeumannomyces graminis var. 
avenae involves the extracellular fungal enzyme avenacinase, which deglycosylates 
avenacins (Crombie et al., 1986). Avenacinase contributes to virulence of G. graminis var. 
avenae (Osbourn et al., 1995). Deglycosylated avenacin products have also been identified 
from F. avenaceum; however the detoxification mechanism is unknown (Crombie et al., 
1986). The steroidal glycoalkaloid α-tomatine, which is similar in structure to avenacin, can 
be detoxified by tomatinase from Septoria lycopersici via a deglycosylation reaction 
(Osbourn et al., 1995). Botrytis cinerea xylosyl hydrolase (Quidde et al., 1998) and  
F. oxysporum tomatinase (Roldan-Arjona et al., 1999) can also detoxify tomatine, however 
the chemical detoxification cleavage sites and mechanisms of action differ between these 
pathogens. Tomatinase has been shown to contribute to virulence in F. oxysporum f. sp. 
lycopersici and Cladosporium fulvum (Okmen et al., 2013; Pareja-Jaime et al., 2008). The 
legume phytoalexin pisatin is modified by both degradation via demethylation and ABC 
transporter-mediated export in F. solani f. sp. pisi, with both activities contributing to fungal 
virulence (Coleman et al., 2011; VanEtten et al., 1980). 
Benzoxazolinones, naturally occurring hydroxamic compounds, were first isolated 
from wheat and maize over half a century ago (Wahlroos & Virtanen, 1959) and have been 
shown to have allelopathic (Singh et al., 2009b), fungicidal (Martyniuk et al., 2006), 
insecticidal (Escobar et al., 1999) and mutagenic activities (Hashimoto & Shudo, 1996). The 
mode of action of these compounds was attributed to N-covalent bonding with nucleic and 
amino acids (Hashimoto & Shudo, 1996). Outside the key role of these hydroxamic acids in 
cereal defence (Niemeyer, 2009), other wheat phytoalexins and fungal resistance to wheat 
defence chemicals are largely unknown. Benzoxazinone production is at its highest during 
early germination of wheat seedlings, with fungistatic concentrations of benzoxazinones and 
benzoxazolinones present in leaf tissue (Copaja et al., 1999), suggesting that these 
compounds can actively contribute to plant defence during germination and early seedling 
establishment. As Fusarium crown rot can result from infection of wheat seedlings during  
emergence (Knight & Sutherland, 2013), heightened benzoxazolinone production in the 
seedling tissue could provide some protection against this disease. A positive correlation 
between benzoxazinoid content of ears and Fusarium head blight resistance has also been 
reported in Danish wheat cultivars (Soltoft et al., 2008). It is currently unknown, however, if 
the head blight and crown-rot causing Fusarium species, such as F. pseudograminearum, 
are either insensitive to these compounds or able to overcome their antimicrobial activity. 
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The maize pathogen F. verticillioides can degrade the two predominant maize 
benzoxazolinones; benzoxazolin-2-one (BOA) and 6-methoxy-benzoxazolin-2-one (MBOA), 
via the toxic phenoxazinone intermediates that are subsequently converted to non-toxic 
malonamic acid conjugates by the N-malonyltransferase encoded by the FDB2 gene (Figure 
3.1A) (Glenn & Bacon, 2009; Glenn et al., 2002; Glenn et al., 2003). The proposed 
benzoxazolinone detoxification pathway in F. verticillioides, via N-acylation, may directly 
overcome the proposed reactivity of the nitrogen group (Hashimoto & Shudo, 1996). Given 
diverse biological benzoxazolinones activities, and their release by the plant during 
pathogen attack, the ability to deal with these toxic defence compounds has been 
considered important for pathogen infectivity. Surprisingly though, mutants of  
F. verticillioides unable to process benzoxazolinones showed un-altered virulence towards 
maize, suggesting these detoxification pathways were not required for virulence in this 
interaction (Glenn et al., 2002). However, the importance of these compounds against other 
fungal cereal pathogens remains to be tested. 
In this study, we have identified a conserved gene cluster with at least one gene 
involved in benzoxazolinone detoxification across several cereal-infecting Fusarium spp., 
and functionally characterised the N-malonyltransferase encoding gene (FDB2) located in 
this cluster, via gene knockouts, in F. pseudograminearum and F. graminearum. Our results, 
using Fusarium head blight assays in wheat, show that benzoxazolinone detoxification by 
F. pseudograminearum contributes to virulence. 
3.3 Experimental Procedures 
3.3.1 Genomic comparisons 
 
Reciprocal best BLASTp matches were obtained from previously published data (Gardiner 
et al., 2012), or determined as previously described (Gardiner et al., 2012). Three additional 
genomes were examined in the current study: F. culmorum (CS7071) (unpublished, EMBL 
accession CBMH00000000), F. sp. FIESC5 (CS3069), F. acuminatum (CS5907) 
(Moolhuijzen et al., 2013), and F. fujikuroi (IMI58289) (Wiemann et al., 2013). 
3.3.2 Chemicals, fungal isolates and growth 
 
BOA, MBOA and 2-AP were obtained from Sigma Aldrich and dissolved in DMSO to a stock 
solution of 100 g L-1. F. pseudograminearum isolate CS3096 and F. graminearum isolate 
CS3005 were selected for transformation (Akinsanmi et al., 2004). Other isolates were 
obtained from the collection stored at the CSIRO Agriculture Flagship, Brisbane, Australia. 
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These were F. graminearum Ph1 (Cuomo et al., 2007) obtained from the Fungal Genetics 
Stock Center, University of Missouri, Kansas City (http://www.fgsc.net/) as FGSC #9075, 
CS3179 and CS3386 (Akinsanmi et al., 2006a); F. culmorum isolate CS7071; F. sp. FIESC5 
isolate CS3069 and F. acuminatum isolate CS5907 (Moolhuijzen et al., 2013).  
F. verticillioides isolate BRIP 149534 was obtained from the Queensland Plant Pathology 
Herbarium, Brisbane (Shivas et al., 2006). The fungi were maintained on half strength potato 
dextrose (½ PDB, BD Difco) plus 1% agar. 
3.3.3 Generation and analysis of mutant strains 
 
The vector for deletion of FDB2 in F. pseudograminearum was constructed as follows. FDB2 
was amplified using Phusion DNA polymerase (Finnzymes) using primers FpFDB2F & 
FpFDB2R including surrounding genomic regions (887 bp upstream and 2128 bp 
downstream), A-tailed with Taq DNA polymerase, and cloned into pCR8-GW/TOPO (Life 
Technologies). The entire FDB2 coding sequence was replaced in this construct using 
lambda phage mediated recombination in E. coli strain DY380 with a neomycin 
phosphotransferase (npt) cassette amplified from pAN9.1 including the Aspergillus nidulans 
gpdA promoter as previously described (Gardiner et al., 2009). Primer sequences are given 
in Table 3.1. Fungal transformation was performed as previously described (Gardiner et al., 
2012). Mutants identified growing on G418 (Sigma-Aldrich) selective media were single 
spored and DNA extracts (Red Extract-N-Amp kit, Sigma-Aldrich) were subjected to PCR 
analysis with a combination of three primers to determine deletion of FDB2.  
To further analyse the Δfdb2 strains, whole genome sequencing was performed using 
an Illumina MiSeq with a NexteraXT library preparation kit (Illumina). Paired-end 250 
nucleotide sequence reads were imported into CLCbio Genomics Workbench version 6.01, 
trimmed (quality limit 0.01, ambiguous nucleotides removed, sequences shorter than  
20 nucleotides removed) and mapped (0.8 length fraction, 0.8 similarity) to the predicted 
knockout locus and parental strain’s (CS3096) genome. 
Mycelia growth rates were measured using a microtitre plate growth assay over a 
102 hour time course, as previously described (Gardiner et al., 2012). 
To delete FDB2 from F. graminearum a construct was synthesised by GenScript 
(USA) containing 1000 bp of sequence immediately upstream of the FDB2 start codon 
followed by the 56 bp sequence gatgtccacgaggtctctaagacctta -
ggcggctcattcgtacgctgcaggtcgac, a nourseothricin resistance cassette driven by an 
Aspergillus nidulans trpC promoter corresponding to nucleotide positions 437-1387 of 
GenBank accession AY631958.2, and 993 nucleotides of sequence immediately 
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downstream of the FDB2 stop codon. The flanking sequences were derived from the 
genome of the Australian F. graminearum isolate CS3005 (Gardiner et al., 2014). This 
synthesised fragment was cloned into the pUC57 and a PCR product generated with M13f 
and M13r primers used for fungal transformation as described previously (Desmond et al., 
2008). Transformants were selected on 50 mg L-1 nourseothricin sulfate (Werner BioAgents, 
Germany). A three primer (FgA, FgB & FgC – Table 3.1) PCR assay using Red Extract-N-
Amp kit (Sigma-Aldrich) was used to identify transformants lacking FGSG_00080.  
3.3.4 Complementation of mutants 
 
The vectors for complementation of the F. pseudograminearum Δfdb2 strain with FDB2 
homologues from various Fusarium spp. were constructed as follows. FDB2 were separately 
amplified using Phusion DNA polymerase (Finnzymes) using primers 
pYES2+FpFDB2compF & HygR+ FpFDB2compR for F. pseudograminearum FDB2, 
pYES2+FgFDB2compF & HygR+FgFDB2compR for F. graminearum FDB2 (FGSG_00080) 
and pYES2+FvFDB2compF & HygR+FvFDB2compR for F. verticillioides FDB2 
(FVEG_12636). A hygromycin B resistance cassette (hygR) was amplified from a pUChph 
plasmid using primers HygR-pUChphF and HygR-pUChphR. Yeast mediated homologous 
recombination was used to assembly the constructs using 30 bp homologous regions in the 
primers, in the order FDB2 and hygR amplification products into pYES2 cut with HindIII and 
XbaI using yeast strain BY4743 (Thermo Scientific). Yeast transformation was carried out 
as previously described (Gietz & Schiestl, 2007) with plasmids recovered from the resulting 
colonies using Zymoprep miniprep II kit (Zymo Research), as per the manufacturer’s 
instructions. Fungal transformation was performed as previously described (Gardiner et al., 
2012). Mutants identified growing on hygromycin B (Sigma-Aldrich) selective media were 
isolated from a single conidium, and DNA extracts made from the subsequent culture (Red 
Extract-N-Amp kit, Sigma-Aldrich) subjected to PCR analysis with primers (FpFDB2compF 
& FpFDB2compR for F. pseudograminearum FDB2, FvFDB2compF & FvFDB2compF for  
F. verticillioides FDB2 and FgFDB2compF & FgFDB2compF for F. graminearum FDB2) to 
determine insertion of FDB2. Primer sequences are given in Table 3.1. 
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Table 3.1 Primers used in this study for transformation construct generation and PCR 
screening of transformants. 
Name Sequence Use 
FpFDB2F TTACGATCTGCGCAGTTGAC Amplify F. 
pseudograminearum FDB2 
region 
FpFDB2R AGTCACCTTGGGATCCTGTG “” 
FpFDB2neoF GTTCAGCATTACTCAACCCAAATTTACCAAAC
GCTTCAATTTAACCCATCACGGCGTAACCAAA
AGTCAC 
Replace F. 
pseudograminearum FDB2 
region on pCR8-GW/TOPO 
with pAN9.1 neomycin 
phosphotransferase cassette. 
FpFDB2neoR TCTGGAATGAACTACTTGTCTTGTTTCTCAAAA
TCAATATCGCCAAGATCCAAGCTTTAACCTGA
GGCTATG 
“” 
FpA TTCGTCACTGTGGATTTGGA F. pseudograminearum fdb2 
mutant PCR screening assay. 
Binds to FDB2 promoter 
region. 
FpB TTCGTCACTGTGGATTTGGA F. pseudograminearum fdb2 
mutant PCR screening assay. 
Binds to FDB2 cDNA region. 
FpC GAGCTCACGAGTTCGTCACA F. pseudograminearum fdb2 
mutant PCR screening assay. 
Binds to pAN9.1 cassette 
region. 
FgA CTGGAATAGCGGATTTGGAG F. graminearum fdb2 mutant 
PCR screening assay. Binds 
to FDB2 promoter region. 
FgB CTTTAAGGAGGGGAAGACCG F. graminearum fdb2 mutant 
PCR screening assay. Binds 
to FDB2 promoter region. 
FgC CGTGTCGTCAAGAGTGGTCA F. graminearum fdb2 mutant 
PCR screening assay. Binds 
to nourseothricin resistance 
cassette region. 
pYES2+ 
FpFDB2compF 
 
GTAATACGACTCACTATAGGGAATATTAAGG
TGCGTGAGAGACGAAGT 
Amplify F. 
pseudograminearum FDB2 
region. Primer includes 
pYES2 homologous region 
(Bold). 
HygR+ 
FpFDB2compR 
AGTGCTCCTTCAATATCATCTTCTGTCGACGA
AGGGTGATCGGTACTGT  
 
Amplify F. 
pseudograminearum FDB2 
region. Primer includes HygR 
homologous region (Bold). 
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3.3.5 Fusarium head blight assays 
 
Wheat cultivar Kennedy seeds were obtained from the collection stored at CSIRO 
Agriculture Flagship, Brisbane. Plants were grown in a controlled environment facility 
(CSIRO Agriculture Flagship, Brisbane) maintained at 20˚C and 70% relative humidity 
during a 15 hour photoperiod and 85% relative humidity at 15˚C during darkness in a 1:1 
sand and peat mix with added Osmocote fertilizer in 15 cm pots. At mid-anthesis, a single 
central spikelet was inoculated with 10 µL of a 1106 spores mL-1 suspension obtained from 
filtered and washed 7 day old ¼ Campbell’s V8 juice (pH 6.5) shake culture. Sterile water 
used in the re-suspension of spores was utilised for a mock inoculations. Inoculated heads 
were covered for three days with small, pre-wet, clip-lock luncheon bags, after which they 
were replaced with white glassine paper bags for the remaining time. Heads were removed 
at 21 days post-inoculation and dissected to determine number of spikelets and rachis 
internodes displaying browning symptoms. Significance of difference was determined 
between the parental strain (CS3096) and Δfdb2 strains using Student’s t-tests. The 
experiment was conducted twice. 
 
3.3.6 Chemical sensitivity assays 
 
Sensitivity to BOA, MBOA and 2-AP was assessed using growth on solid medium amended 
with the test compounds compared to medium amended with solvent (DMSO) alone in a 
method adapted from Martyniuk et al. (2006). All compounds were tested at 0.5 mg mL-1 in 
½ PDA media in 90 mm Petri dishes. Plates were inoculated in the centre with agar plugs 
from the growing edge of a fungal colony growing on unamended ½ PDA plates using an 
inverted 1 mL pipette tip. The plates were incubated in darkness at 28˚C temperatures and 
colony diameter was measured daily by drawing a line around the growing edge until the 
dish confines were reached. Following five days growth an image was captured using a Gel 
logic 212 Pro system (Carestream Health) and growth rings used to calculate colony area 
using Carestream molecular imaging system. Percentage of inhibition was calculated in 
relation to the DMSO control subtracting the initial agar plug diameter from the mean 
measured colony area. 
To assess fungistatic activity of benzoxazolinones and derivatives, agar plugs from 
the growing edge of inoculated unamended ½ PDA plates were placed on 0.5 mg mL -1 
concentrations of the test compound amended ½ PDA media plates. At 24 hour periods 
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agar plugs not exhibiting growth were removed and placed on unamended ½ PDA plates 
and assessed for growth. 
 
3.3.7 Thin layer chromatography 
 
Transformation of benzoxazolinone and intermediates by Fusarium species and 
transformants was assessed using agar plug thin-layer chromatography (TLC) method 
developed by Glenn et al. (2001). In brief, a single plug of agar using an inverted 1 mL 
pipette tip was taken from culture plates next to the site of initial inoculation containing 
amended ½ PDA and spotted with mycelia upward onto a TLC Silica gel 60 F254 sheet 
(Merck). The spot contents and chemical standards were migrated with toluene-ethyl 
acetate-formic acid (50:40:10). The dried plates were photographed under UV light from a 
Gibco BRL UV trans-illuminator with a Canon IXUS 870IS digital camera. 
 
3.3.8 RT-qPCR 
 
F. pseudograminearum (CS3096) was cultured for three days in half strength potato 
dextrose broth (½ PDB). The media was then amended to a final concentration of 1 mg  
mL-1 BOA or equivalent percentage (v/v) of DMSO. Mycelia continued to grow throughout 
the experiment. Mycelia were harvested at 0, 2, 6, 12 and 24 hours by rapid vacuum filtration 
with miracloth (Merck) capturing the mycelia and immediate liquid nitrogen submersion. 
After freeze drying samples, milling by ball-beating in a Retsch MM 400 mill (30 Hz for 30 
seconds) using a single 3 mm ball bearing in a 2 mL tube, total RNA was extracted using 
Trizol (Life Technologies) according to the manufacturer’s instructions. Three biological 
replicates were used for each time point and treatment. 
RT-qPCR was performed as previously published (Gardiner et al., 2009) using 
normalization to β–tubulin expression and relative quantification to control (DMSO) 
treatments. Melt curve analysis indicated single amplification products. Three RT-qPCR 
technical replicates tested each sample. Primer sequences are described in Table 3.2. 
Paired Student’s t tests were used to determine which treatment differences were 
statistically significant.  
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Table 3.2. RT-qPCR primers used in this study. 
Name Sequence 
β-tubulinF GTCATTACACCGAGGGTGCT 
β-tubulinR CCACCAAGAGAGTGGGTGAT 
FPSE_08116F GGCCTGTTCGTACATGAGGT 
FPSE_08116R ACACTCCTGGATGCATTTCC 
FPSE_08117F TGTGGCTCTTTGTCAGCATC 
FPSE_08117R TAGAAAGAGGGGCGAATGTG 
FPSE_08118F GCACCTCTTCTGGTTGCTGT 
FPSE_08118R GCGCTCGTGATGTTATCCTT 
FPSE_08119F CCTTGAAAAGGCAGTCGAAG 
FPSE_08119R TCGTCAAGACTCGTTTGCAG 
FPSE_08120F TCACCGATCCTCGCTTTATT 
FPSE_08120R ACTCGTCGATGGTCTTGGAG 
FPSE_08121F GTTAGCTTGCGCCTTGAATC 
FPSE_08121R AAATATCTCACGGCGATTGG 
FPSE_08122F AATACGCCATCTGTTCCAGG 
FPSE_08122R GTCAACTGCGCAGATCGTAA 
FPSE_08123F CTGTTTTCCGCTCATTTGGT 
FPSE_08123R ATGGTTCCAGCCATCGTAAG 
FPSE_08124F AACAGATGTTGCCTCCATCC 
FPSE_08124R AGGAAATGTCTGCGGATCAC 
FPSE_08125F GAGCATCCACCAACTTACGC 
FPSE_08125R AATGATTGCCATCCCTGGTA 
FPSE_08126F TCAACCCCATTCTTCTGGAG 
FPSE_08126R CTTTCAGACGAAGTCCTGGC 
FPSE_08127F CTTGCCTGGGCTTATTCTTG 
FPSE_08127R CCCCAGTGAGTGAAGGTGTT 
FPSE_08128F TCATGGATCACCCAAAGGAT 
FPSE_08128R ACCGTACTTGTTGGCACTCC 
FPSE_08129F GTCAAGAGGCAAAGGCAAAG 
FPSE_08129R TCTTCGGAGAAGGACTCGAA 
FPSE_08130F CTGGCATCTCTACGGGAAAA 
FPSE_08130R TCATCTGGGTCGAAAGGAAC 
FPSE_07946F ATCTACCAATGCCGCAACTC 
FPSE_07946R CCCGTATAGCAGTTGGCAAT 
FPSE_11041F CGATTTCCTGTTCTCCCTGA 
FPSE_11041R TGGTGAAGAGATGATCTGCG 
FPSE_08077F TCCCCTATGAGACCCTTGTG 
FPSE_08077R TTTTCGAGGCAGTAACCACC 
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3.4 Results 
3.4.1 A gene cluster involved in benzoxazolinone detoxification is conserved in 
multiple Fusarium species. 
 
A N-malonyltransferase encoded by FDB2 has been identified as necessary for BOA 
detoxification in F. verticillioides (Glenn & Bacon, 2009). To determine if other fusaria share 
the same benzoxazolinone detoxification pathway as F. verticillioides, the genome 
sequences of seven other Fusarium species were searched for genes encoding Fdb2 
homologues. Fdb2 had BLASTp matches in F. pseudograminearum, F. graminearum,  
F. culmorum, F. oxysporum, F. fujikuroi, F. acuminatum and F. sp. FIESC5 (an unnamed 
species in the F. incarnatum-equiseti species complex). The F. pseudograminearum Fdb2 
homologue FPSE_08123 (72% amino acid identity covering the entire length, e-value  
1×10-150) is hereafter also called Fdb2. 
In addition to FDB2, the genes surrounding FDB2, from FPSE_08122 (hereafter 
called FDB3) to FPSE_08127, are all conserved in a sequential arrangement across most 
of the fusaria examined (Figure 3.1B), with the exception of F. acuminatum and F. sp. 
FIESC5, while in F. verticillioides a single gene translocation was present. The potential 
functions of the proteins encoded by the six conserved genes in F. pseudograminearum, in 
gene identification order are: FDB3, encoding a GAL4-like Zn(II)2Cys6 transcription factor 
proposed to regulate the FDB cluster or other responses to a benzoxazolinone signal (Glenn 
& Bacon, 2009); FDB2, encoding a N-malonyltransferase; FPSE_08124, encoding a 
lactamase likely performing the function of Fdb1 (see below); FPSE_08125, encoding an 
aldo-keto reductase possibly associated with a ketone component of BOA and MBOA 
degradation; FPSE_08126, encoding an esterase; and FPSE_08127, encoding a 
transmembrane transporter proposed to shuttle metabolites of benzoxazolinone 
degradation. In addition, the intron-exon structure was conserved for all six genes in fusaria 
that contained this gene cluster. In F. acuminatum, F. solani f. sp. pisi and F. sp. FIESC5, 
the gene cluster appears to be absent. Interestingly, the cluster was not restricted to 
pathogenic Fusarium of cereals or monocots where benzoxazolinones are known to be 
produced. The genome of the tomato wilt pathogen F. oxysporum f. sp. lycopersici also 
contains an intact FDB gene cluster. Outside of the fusaria, the corn leaf blight Setosphaeria 
turcica (strain Et28A) draft genome (Condon et al., 2013) contains genes that show best 
reciprocal BLASTp matches to Fdb3, Fdb2 and FPSE_08124, identified as 
Settudraft_160635, Settudraft_108270 and Settudraft_158560, respectively.  
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Figure 3.1. (A) Fusarium detoxification of benzoxazolinone (FDB) pathway. The 
phytoanticipin 2,4-hydroxy-1,4-benzoxazin-3-one (DIMBOA) degrades to the phytoalexin 
benzoxazoline-2-one (BOA). Fdb1 metabolizes the benzoxazolinone, BOA, to the 
phenoxazinone, 2-aminophenol (2-AP). Fdb2 metabolizes 2-AP via N- malonylation to  
N-(2-hydroxyphenyl) malonamic acid (HPMA) (Glenn & Bacon, 2009). Grey arrow indicates 
a non-enzymatic reaction. The figure was adapted from that presented in Glenn and Bacon 
(2009). (B) The conservation and gene arrangement of the FDB region in Fusarium 
pseudograminearum, F. graminearum, F culmorum, F. verticillioides, F. fujikuroi and 
F. oxysporum. F. acuminatum, F. sp. FIESC5 and F. solani f. sp. pisi showed limited 
matches to the genes in the cluster. Likely orthologous genes are given in identical colours 
from reciprocal best BLASTp hit matches. T.F., transcription factor.  
In F. verticillioides, possibly as a result of translocation, the 1,241 nucleotide 
lactamase encoding gene (FPSE_08124 homologue, Fveg_08291, 58.73% amino acid 
identity over the full length of the protein, e-value 5×10-124) is found on a chromosome 
different from that containing the main FDB cluster (FVEG_12635 to FVEG_12640). 
However, within the main cluster in F. verticillioides, a 285-nucleotide remnant 
(FVEG_12637) of this lactamase encoding gene is found (Figure 3.1B). Although this latter 
sequence is also annotated as a lactamase, it is likely that the encoded protein is  
non-functional (Figure 3.2). Interestingly, two distinct genetic loci are required for BOA 
 78 
detoxification in F. verticillioides, but the gene for the first step in the pathway is yet to be 
identified (Glenn & Bacon, 2009). Benzoxazolinone detoxification involves the opening of a 
γ-lactam ring and this function is likely to be performed by a lactamase (Glenn & Bacon, 
2009), making FPSE_08124 and its orthologues in other fusaria likely candidates for the 
Fdb1 function. 
 
 
 
Figure 3.2. Amino acid sequence alignment. The predicted lactamase proteins from  
F. pseudograminearum FPSE_08124 (413 aa) and F. verticillioides Fveg_08291 (399 aa) 
and a possible remnant gene, encoding Fveg_12637 (94 aa) aligned by ClustalW. 
3.4.2 Fusarium species associated with cereal diseases show different sensitivity to 
benzoxazolinones. 
 
The conservation of the FDB gene cluster in various fusaria suggested that these organisms 
may also be able to degrade benzoxazolinones by similar mechanisms. To investigate if 
different Fusarium spp. can detoxify the two quantitatively most abundant benzoxazolinones 
(BOA and MBOA) found in grasses, growth of F. pseudograminearum (CS3096),  
F. graminearum (CS3179), F. culmorum (CS7071), Fusarium sp. FIESC-5 (CS3069), and 
F. verticillioides (BRIP 149534) was monitored over five days in the presence of these 
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compounds at 0.5 mg mL-1. This concentration is similar to that previously used in a study 
with F. graminearum (Gardiner et al., 2013). Additionally thin layer chromatography (TLC) 
was used to investigate MBOA and BOA degradation by these pathogens.  
F. pseudograminearum and F. verticillioides showed similar growth rates, sensitivity and 
degradation profiles on TLC for BOA and MBOA (Figure 3.3 & 3.4A), suggesting BOA was 
degraded to N-(2-hydroxyphenyl) malonamic acid (HMPA) and MBOA was degraded to  
N-(2-hydroxy-4-methoxyphenyl) malonamic acid (HMPMA) by F. pseudograminearum. BOA 
and MBOA degradation profiles by F. verticillioides have been previously described (Glenn 
& Bacon, 2009; Yue et al., 1998). In this study, comparisons of degradation profiles on TLC 
between F. pseudograminearum and F. verticillioides have been employed to tentatively 
identify intermediate and catabolic compounds, as chemical standards are not commercially 
available for HMPA, HMPMA, 2-amino-7-methoxy-3H-phenoxazin-3-one (2-AMPO) and  
2-amino-phenoxazin-3-one (2-APO). It should also be noted that 2-aminophenol (2-AP), the 
first known intermediate in BOA degradation, spontaneously oxidises to 2-APO (Gagliardo 
& Chilton, 1992). 
Two additional fusaria pathogenic on wheat, F. graminearum and F. culmorum, and 
the weakly-pathogenic F. sp. FIESC5 isolated from wheat, were also investigated for their 
response to benzoxazolinones (Figure 3.3). F. graminearum and F. culmorum were able to 
grow on BOA-amended medium, comparable to rates of F. pseudograminearum and  
F. verticillioides on BOA. However, in contrast to F. pseudograminearum and F. 
verticillioides growth rates on MBOA, substantially reduced growth on MBOA-amended 
medium was observed for F. graminearum and F. culmorum (Figure 3.3). F. culmorum, but 
not F. graminearum, has previously been reported to have differential sensitivity to BOA and 
MBOA compounds (Friebe et al., 1998). The benzoxazolinone degradation analysis (Figure 
3.4B) conducted showed that whilst BOA is degraded by F. culmorum and completely 
removed from media without an identifiable accumulated product by F. graminearum, MBOA 
appears mostly un-degraded by these pathogens, with an accumulation of an unidentified 
compound. MBOA sensitivity was observed for four different isolates [CS3179 (Figure 3.3), 
CS3005, CS3386, and Ph1 (data not shown)] of F. graminearum. The differential sensitivi ty 
of these Fusarium species to benzoxazolinones is quite surprising, considering 
F. graminearum, F. culmorum and F. pseudograminearum are genetically similar (O'Donnell 
et al., 2013) and commonly isolated from wheat plants with Fusarium head blight or 
Fusarium crown rot (Obanor et al., 2013). An ability to grow on MBOA and BOA but not  
2-AP-amended media was shown for F. sp. FIESC5 (Figure 3.3). 2-AP was fungistatic 
towards F. sp. FIESC5 at 0.5 mg mL-1 with the isolate surviving for at least four days on this 
 80 
medium without growth (Figure 3.3). The corresponding BOA and MBOA detoxification TLC 
plate for F. sp. FIESC5 (Figure 3.5) showed a different profile to that of the other fusaria, 
consistent with the gene cluster being missing in this species (Figure 3.1B). 
 
 
Figure 3.3. Relative growth of wheat associated fusaria in the presence of 
benzoxazolin-2-one (BOA), 6-methoxy-benzoxazolin-2-one (MBOA) and  
2-aminophenol (2-AP). (A) Exemplar photographs of Fusarium pseudograminearum 
(CS3096), F. culmorum (CS7071), F. verticillioides (BRIP 149534), F. graminearum 
(CS3179), and F. sp. FIESC5 (CS3069) grown on benzoxazolinones and BOA detoxification 
intermediate- (2-AP; 2-aminophenol) amended half-strength potato dextrose agar (½ PDA). 
Rings marked on the plates indicate the daily hyphal growth edge positions. F. graminearum 
(CS3179) marked at 2 and 5 dpi only. All compounds were tested at 0.5 mg mL-1 with equal 
percentage (v/v) of DMSO used as control. (B) Quantification of relative growth of five 
Fusarium spp. when grown for 5 days on ½ PDA amended with BOA, MBOA, 2-AP, or 
DMSO only. Error bars represent the standard error of the mean for five biological replicates.  
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Figure 3.4. Analysis of benzoxazolin-2-one (BOA) and 6-methoxy-benzoxazolin-2-one 
(MBOA) degradation via thin layer chromatography (TLC). (A) BOA and MBOA are 
presumed to be degraded to N-(2-hydroxyphenyl) malonamic acid (HPMA) and  
N-(2-hydroxy-4-methoxyphenyl) malonamic acid (HMPMA) respectively in both Fusarium 
pseudograminearum and F. verticillioides based on comparisons to previously described 
TLC profiles (Glenn & Bacon, 2009). (B) F. graminearum and F. culmorum are unable to 
degrade MBOA as efficiently as F. pseudograminearum. F. culmorum and F. graminearum 
also accumulate an unknown compound, presumably 2-amino-7-methoxy-3H-phenoxazi n-
3-one (2-AMPO), an oxidation product of the MBOA intermediate compound 5-methoxy-2-
aminophenol (2-AMP) (Glenn et al., 2003).  
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Figure 3.5. Benzoxazolin-2-one (BOA) and 6-methoxy-benzoxazolin-2-one (MBOA) 
degradation analysis via Thin-layer chromatography (TLC) for F. pseudograminearum 
and F. sp. FIESC5 on BOA or MBOA amended ½ PDA. Production of compounds by  
F. sp. FIESC5 clearly do not match N-(2-hydroxyphenyl) malonamic acid (HPMA) and  
N-(2-hydroxy-4-methoxyphenyl) malonamic acid (HMPMA) generated by  
F. pseudograminearum. 
3.4.3 The FDB cluster genes show significant co-expression patterns after BOA 
treatment 
 
Comparative genome analyses suggested the Fusarium BOA detoxification cluster contains 
six genes (Figure 3.1B). In F. graminearum functionally associated co-linear genes and 
compact gene clusters containing a transcription factor, a composition that matches the FDB 
cluster, often show similar expression patterns during pathogenesis, development and 
stress responses (Lawler et al., 2013). To determine whether the genes in the putative FDB 
cluster are co-expressed, their expression was assessed by reverse transcriptase 
quantitative polymerase chain reactions (RT-qPCR) at multiple time points after application 
of BOA to F. pseudograminearum. Control samples were treated with DMSO used to 
dissolve BOA. The general expression profile observed for most genes in the cluster was 
that of increased expression commencing at 6 hours post induction (hpi) with BOA, further 
increasing to a peak over 200-fold at 12 hpi, and returning toward pre-treatment levels at  
24 hpi. The expression profiles of FPSE_08118 to FPSE_08127 inclusive were similar to 
the expression of FDB2 with correlation coefficients ranging from 0.94 to 0.99 (Figure 3.6). 
Whilst the FPSE_08118 induction profile showed a correlation coefficient of 0.96 to that of 
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FDB2, this gene is not considered to be part of the FDB cluster as its induction levels  
(~12 fold at 12 hours) were minor compared to other genes in the cluster predicted to encode 
biochemical functions. Genes (FPSE_08117 and FPSE_08128) within the vicinity of the 
FDB cluster showed no significant correlation (coefficients in the range 0.02 to 0.06) to FDB2 
after BOA treatment, suggesting they are unlikely to be part of the FDB cluster in  
F. pseudograminearum.  
The co-expression profile observed suggests the gene cluster in 
F. pseudograminearum should be extended beyond the sequential homologous region 
observed across Fusarium species to include FPSE_08119 encoding a carrier protein, 
FPSE_08120 encoding an acyl-CoA transferase and FPSE_08121 encoding a Zn(II)2C ys6 
transcription factor. These additional genes have no reciprocal best BLAST hits in  
F. graminearum or F. culmorum, though have orthologous genes in F. oxysporum and  
F. verticillioides (Gardiner et al., 2012). F. graminearum appears to have a genomic 
inversion of the six genes in its FDB cluster compared to adjacent genes, relative to the 
F. pseudograminearum FDB cluster and surrounding gene arrangement (Figure 3.1). 
Further, genes immediately adjacent to F. graminearum FDB3, FGSG_00082 to 
FGSG_00086 have no matching homologs in the F. pseudograminearum CS3096 genome.  
To determine if the BOA induction profile seen in this gene locus was specific to the 
Fdb2 N-acyltransferase, and did not include other acyltransferases, the 
F. pseudograminearum predicted proteome was searched for Fdb2 homologues using 
BLASTp. Three N-acyltransferase proteins; FPSE_07946, FPSE_11041 and FPSE_08077, 
with sequence similarity to Fdb2 were found. These N-acyltransferases may also have 
potential to function in BOA degradation. However, none of the genes encoding the proteins 
displayed expression changes similar to FDB2, suggesting that regulation by BOA is specific 
to FDB2 (Figure 3.7) and that Fdb2 alone provides the N-acyltransferase function in BOA 
degradation. 
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Figure 3.6. Expression of the Fusarium pseudograminearum (CS3096) FDB gene 
cluster in response to benzoxazolin-2-one (BOA) exposure. Horizontal axes represent 
hours post exposure to BOA. Vertical axes represent expression relative to solvent-treated 
controls. Vertical axes were set to a maximum value of 1000-fold except for genes encoding 
transcription factors (FPSE_08121 and FPSE_08122), which showed lower relative 
induction levels. Error bars represent the propagated standard error of the mean for three 
biological replicates for BOA and DMSO controls at each time point. Shaded genes indicated 
the proposed gene cluster limits based on the gene expression profiles.  
 
 
 
Figure 3.7. Relative expression of the Fusarium pseudograminearum (CS3096)  
N-acyltransferase genes with sequence similarity to Fdb2: FPSE_07946 (92% query 
coverage, 35% amino acid identity, e-value 3×10-53), FPSE_11041 (92% query coverage, 
32% amino acid identity, e-value 8×10-43) and FPSE_08077 (92% query coverage, 30% 
amino acid identity, e-value 2×10-35) in response to benzoxazolin-2-one (BOA) exposure. 
Horizontal axes represent hours post exposure to BOA. Vertical axes represent expression 
relative to solvent treated controls. Error bars represent the propagated standard error of 
the mean for three biological replicates for BOA and DMSO controls at each time point.  
3.4.4 Fdb2 is not essential for growth in axenic culture  
 
To confirm the involvement of Fdb2 in BOA detoxification, the gene was deleted from 
F. pseudograminearum isolate CS3096. The entire FDB2 gene (1032 bp) was replaced by 
a geneticin resistance gene cassette via homologous recombination. Transformants were 
initially screened using a triplex PCR assay (Figure 3.8A) and two independent mutants 
were identified. Whole genome sequencing of the mutant strains at ~4-fold coverage 
confirmed the absence of the entire gene. Mapping of the reads to the 
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F. pseudograminearum CS3096 genome (Gardiner et al., 2012) showed clear deletion of 
FDB2 in both mutants (Figure 3.8B). In addition, mapping reads to the predicted mutant 
locus showed coverage consistent with a single insertion at the FDB2 locus (Figure 3.8B). 
Mutants were indistinguishable from the wild type with respect to hyphal growth in liquid 
culture (Figure 3.8C) or on solid media (Figure 3.9C). FDB2 (FGSG_00080) was also 
deleted from F. graminearum strain CS3005 and the growth of these mutants was 
indistinguishable from the parental strain (Figure 3.10A). 
 
 
Figure 3.8. FDB2 deletion from Fusarium pseudograminearum. (A) Triplex PCR screen 
to detect successful gene deletion. The PCR assay used three primers Fp(A, B and C) to 
initially screen transformants for successful gene deletion. The assay was designed such 
that an intact FDB2 locus yielded a smaller product than transformants with successful FDB2 
deletion. CS3096 gDNA and the plasmid used for targeted gene disruption were used as 
controls. (B) Sequence reads from the Δfdb2#1 and Δfdb2#2 mutants mapped to the 
predicted deletion locus and parental isolate’s FDB2 genomic region. Read coverage graphs 
are shown below each locus diagram. (C) Growth of CS3096 (parental strain) and Δfdb2 
mutants over a 102 hour time course in half strength potato dextrose broth 96 well plate 
assay (at 102 hpi, CS3096 vs Δfdb2#1 p-value 0.5, CS3096 vs Δfdb2#2 p-value 0.27). Error 
bars represent standard error of the mean for eight replicate wells. 
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Figure 3.9. Fdb2 is required for tolerance to benzoxazolinones. (A) Exemplar 
photographs of the parental Fusarium pseudograminearum strain CS3096 (WT) and a 
Δfdb2 strain growing on half strength potato dextrose agar (½ PDA) amended with 0.5 mg 
mL-1 of benzoxazolin-2-one (BOA), 6-methoxy-benzoxazolin-2-one (MBOA) or 2-
aminophenol  
(2-AP) at 6 days post inoculation. DMSO was used as a control. (B) Quantification of growth 
of Δfdb2#1 (representative of both mutants) and WT on ½ PDA amended media as 
indicated. Vertical axes represent the percentage of growth relative to the DMSO control.  
t-tests were performed comparing the parental strain and FBD2 mutants for the data 
collected at 5 days post inoculation. Statistically significant differences were observed for 
both mutants compared to the parental strain when growing on BOA (p-value ≤ 9.7610-5), 
MBOA (p-value ≤ 5.6910-4) and 2-AP (p-value ≤ 6.1510-2) but not DMSO (p-value ≥ 0.44). 
Error bars represent the standard error of the mean for four biological replicates. (C) 
Comparison of benzoxazolinone degradation via thin layer chromatography (TLC) by 
parental F. pseudograminearum CS3096 (WT) and Δfdb2 strains on amended ½ PDA.  
2-APO, 2-amino-3H-phenoxazin-3-one.  
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Figure 3.10. F. graminearum Fdb2 is required for tolerance to benzoxazolinones.  
(A) Exemplar photographs of the parental Fusarium graminearum strain CS3005 (WT) and 
a Δfdb2 strain growing on half strength potato dextrose agar (½ PDA) amended with 0.5 mg 
mL-1 of benzoxazolin-2-one (BOA), 6-methoxy-benzoxazolin-2-one (MBOA) or  
2-aminophenol (2-AP) at 4 days post inoculation. DMSO was used as a control. (B) 
Quantification of growth of Δfdb2 and WT on ½ PDA-amended media as indicated following 
four days of growth. Vertical axes represent the percentage of growth relative to the DMSO 
control. Error bars represent the standard error of the mean for three biological replicates. 
(C) Comparison of benzoxazolinone degradation via thin layer chromatography (TLC) by 
parental Fusarium graminearum CS3005 (WT) and Δfdb2 strains on amended half strength 
potato dextrose agar (½ PDA). 2-APO, 2-amino-3H-phenoxazin-3-one. 
3.4.5 Fdb2 is essential for tolerance to benzoxazolinones in Fusarium spp. 
 
FDB2 encodes a predicted N-malonyltransferase; in F. verticillioides the Fdb2 homologue 
has been demonstrated to catalyse the phenoxazinone intermediate in benzoxazolinone 
detoxification (Glenn & Bacon, 2009). To determine whether Fdb2 is similarly involved in 
benzoxazolinone detoxification, we tested the relative ability of FDB2 mutants to grow in the 
presence of benzoxazolinones. Compared to the parental strain, both 
F. pseudograminearum Δfdb2 strains showed significantly reduced growth on media 
amended with BOA or MBOA and no growth on 2-AP (Figure 3.9B). There was no statistical 
difference observed between the two independent mutants on any media conditions tested. 
F. graminearum FDB2 mutants also showed significantly reduced growth on BOA-amended 
media (Figure 3.10). However, in contrast to F. pseudograminearum, the F. graminearum 
FDB2 mutant did not show an additional reduction in growth of MBOA (Figure 3.10), 
consistent with the greater MBOA sensitivity of F. graminearum. 
Coupled with growth rates on MBOA-, BOA- and 2-AP-amended ½ PDA, TLC was 
used to assess degradation of MBOA and BOA, and the accumulation of intermediate 
products in the media. More unprocessed BOA and MBOA remained in media of knockouts 
than the parental strain (Figure 3.9C). Based on the TLC analysis, the Δfdb2 strains showed 
an excessive accumulation of 2-APO (2-amino-3H-phenoxazin-3-one) when grown on BOA-
amended media (Figure 3.9C), consistent with observations in F. verticillioides (Glenn et al., 
2002). As 2-AP oxidization to 2-APO is a spontaneous process (Oancea & Puiu, 2003), the 
accumulation of 2-APO eventuates from the failure of the FDB2 knockouts to N-malonylate 
the 2-AP which would otherwise prevent this oxidation. However, in contrast to 
F. pseudograminearum, no 2-APO accumulation was evident when F. graminearum FDB2 
knockouts were grown on BOA-amended media (Figure 3.10), suggesting that  
F. graminearum may have an additional pathway for processing the 2-AP intermediate when 
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it is derived from the activity of Fdb1, but not when 2-AP is amended into the media which 
is likely to oxidise to 2-APO prior to the action of such a hypothetical alternative pathway. 
Complementation of the F. pseudograminearum FDB2 mutant with FDB2 orthologs 
from F. graminearum (FPSE_00080) and F. verticillioides (FVEG_12636) restored the ability 
of the mutant to tolerate both BOA, MBOA (Figure 3.11) and 2-AP (Figure 3.12), and 
produced degradation profiles on TLC identical to those of F. pseudograminearum parental 
strain CS3096. 
To investigate the specificity of Fdb2 in detoxification of benzoxazolinone 
compounds, we further tested the transformants on another indole-derived cereal defence 
metabolite, 3(dimethyl-amino-methyl)-indole (gramine) (Smith, 1977). Both gramine and 
benzoxazinoids are synthesised from tryptophan in the Hordeum genus (Grun et al., 2005). 
Both the parental F. pseudograminearum (WT) and Δfdb2 strains showed similar growth 
reductions on 0.5 mg mL-1 gramine-amended media (Figure 3.13). This result indicates that 
Fdb2 is specific to benzoxazolinone detoxification. 
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Figure 3.11. Growth on BOA/MBOA-amended media of Complementation of FDB2 in 
the Fusarium pseudograminearum Δfdb2 isolate. (A) Exemplar photographs of the 
parental F. pseudograminearum strain CS3096 (WT), Δfdb2 and complemented 
Δfdb2::FDB2, Δfdb2::FGSG_00080 and Δfdb2::FVEG_12636 strains growing on half 
strength potato dextrose agar (½ PDA) amended with 0.5 mg mL-1 of BOA and MBOA at 5 
dpi. DMSO was used as a control. (B) Quantification of growth of F. pseudograminearum 
parental CS3096 (WT), Δfdb2 and Δfdb2 complemented strains Δfdb2::FDB2, 
Δfdb2::FGSG_00080 and Δfdb2::FVEG_12636 on ½ PDA amended medium as indicated. 
Vertical axes represent the percentage of growth relative to the DMSO control. Error bars 
represent the standard error of the mean for four biological replicates. Two repetitions 
produced similar results. (C) Analysis of benzoxazolin-2-one (BOA) and 6-methoxy-
benzoxazolin-2-one (MBOA) degradation via thin layer chromatography (TLC) of 
complemented Δfdb2 strains Δfdb2::FDB2, Δfdb2::FGSG_00080 and Δfdb2::FVEG_12636. 
BOA and MBOA are presumed to be degraded to N-(2-hydroxyphenyl) malonamic acid 
(HPMA) and N-(2-hydroxy-4-methoxyphenyl) malonamic acid (HMPMA) respectively in both 
F. pseudograminearum parental strain and restored in complemented Δfdb2 isolates. 
Degradation products based on comparisons to previously described F. verticillioides TLC 
profiles (Glenn & Bacon, 2009). 
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Figure 3.12. Growth on 2-AP-amended media of Complementation of FDB2 in the 
Fusarium pseudograminearum Δfdb2 isolate. (A) Exemplar photographs of the parental 
F. pseudograminearum strain CS3096 (WT), Δfdb2 and complemented Δfdb2::FDB2, 
Δfdb2::FGSG_00080 and Δfdb2::FVEG_12636 strains growing on half strength potato 
dextrose agar (½ PDA) amended with 0.2 - 0.4 mg mL-1 of 2-aminophenol (2-AP) at 6 dpi. 
DMSO was used as a control. (B) Quantification of growth of F. pseudograminearum 
parental CS3096 (WT), Δfdb2 and Δfdb2 complemented strains Δfdb2::FDB2, 
Δfdb2::FGSG_00080 and Δfdb2::FVEG_12636 on ½ PDA amended media as indicated. 
Vertical axes represent the percentage of growth relative to the DMSO control. Error bars 
represent the standard error of the mean for four biological replicates. Two repetitions 
produced similar results.  
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Figure 3.13. Fdb2 is specific to benzoxazolinone detoxification. (A) Exemplar 
photographs of the parental Fusarium pseudograminearum strain CS3096 (WT) and a 
Δfdb2 strain growing on half strength potato dextrose agar- (½ PDA) amended with 0.5 mg 
mL-1 of gramine at 5 dpi. DMSO was used as a control. (B) Quantification of growth of Δfdb2 
(data from both mutants pooled) and WT on ½ PDA-amended media as indicated. Vertical 
axes represent the percentage of growth relative to the DMSO control. p-value ≥ 0.27. Error 
bars represent the standard error of the mean for four biological replicates. 
3.4.6 Fdb2 contributes to pathogen virulence 
F. pseudograminearum can cause Fusarium head blight of wheat (Obanor et al., 2013), so 
the importance of Fdb2 for pathogen virulence was assessed by single floret inoculation.  
Both Δfdb2 isolates showed a clear reduction in virulence compared to the parental strain. 
Both spikelet discolouration and necrosis progression along the rachis were significantly 
reduced in heads inoculated with the mutant strains (Figure 3.14A). Independent replication 
of this experiment confirmed the reduced virulence phenotype of these mutants (data not 
shown). This virulence reduction suggests the importance of benzoxazolinones in wheat 
heads as a mode of defence. 
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Figure 3.14. The role of Fdb2 in wheat head blight infection. (A) Representative images 
of mock, parental CS3096 (WT) and Δfdb2 strains head infection assay. (B) Number of 
diseased spikelets as a measure of virulence during head blight infection by Fusarium 
pseudograminearum parental strain CS3096 (WT) and Δfdb2 mutant strains. Error bars 
indicating standard error of the mean for ≥ 22 replicates (p-values: Δfdb2#1 vs WT:7.510-7, 
Δfdb2#2 vs WT: 2.710-5, Δfdb2#1 vs Δfdb2#2 0.14). (C) Number of diseased rachis 
sections as a measure of virulence during head blight infection by Fusarium 
pseudograminearum parental strain CS3096 (WT) and ΔFDB2 mutant strains. Error bars 
indicating standard error of the mean for ≥  22 replicates (p-values: Δfdb2#1 vs WT: 1.310-7, 
Δfdb2#2 vs WT: 2.010-5, Δfdb2#1 vs Δfdb2#2: 0.09). Asterisks show p-value < 0.001. 
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3.5 Discussion 
In this study, we identified and functionally characterized FDB2, from the wheat pathogen 
F. pseudograminearum. Analyses of FDB2 gene knockouts and complemented strains with 
two individual FDB2 homologues from other Fusarium spp. show that Fdb2 is essential for 
the detoxification of BOA, MBOA and 2-AP. However, the quantitative reduction in growth 
observed in FDB2 mutants on BOA and MBOA in F. pseudograminearum (and BOA alone 
in F. graminearum) suggests that although the FDB cluster is the major mechanism of 
tolerance to benzoxazinoids in these species, other mechanisms are also likely to be acting. 
As shown here, in F. pseudograminearum, Fdb2 contributes to pathogen virulence on 
wheat. The detoxification of BOA by the maize pathogen F. verticillioides also requires Fdb2 
(Glenn & Bacon, 2009), but Fdb2 did not contribute to the virulence of this pathogen towards 
maize (Glenn et al., 2002). Therefore, this is the first report showing that benzoxazolinone 
detoxification significantly contributes to the virulence of a Fusarium spp. towards cereal 
hosts known to produce these defence compounds. 
McGary et al. (2013) suggest that genes encoding multiple enzymes of the catabolic 
and associated metabolic pathways for detoxification of antifungal compounds are 
physically linked in fungi. The benzoxazolinone detoxification pathway in fungi proceeds via 
the toxic intermediate 2-AP (Glenn & Bacon, 2009) and our description of the largely 
conserved nature of the single FDB gene cluster in most fusaria examined is consistent with 
this phenomenon. In contrast, genes responsible for BOA detoxification in F. verticillioides 
are known to be located at two distinct genetic loci, one of which encodes an as yet 
unidentified enzyme that catalyzes the opening of the lactam ring (Glenn et al., 2002). 
However, the F. pseudograminearum FDB cluster contains a gene (FPSE_08124) that is 
likely to encode this function (Figure 3.1B). The gene order conservation within this cluster 
in most other fusaria suggests that the F. pseudograminearum FDB cluster organisation is 
more ancient than that in F. verticillioides. It is likely that in F. verticillioides, the likely 
lactamase-encoding ortholog FVEG_08291 has translocated out of this region. Whilst F. sp. 
FIESC5 grew on BOA and MBOA, 2-AP appeared fungistatic to this isolate (Figure 3.3). 
This suggests a different route for detoxification of BOA in this species, as 2-AP tolerance 
is required for the FDB pathway intermediate produced by Fdb1. Indeed, our analyses show 
that F. sp. FIESC5 isolate CS3069 does not contain the FDB gene cluster (Figure 3.1B), 
supporting the existence of an alternative benzoxazolinone detoxification pathway that does 
not operate via a 2-AP intermediate may be present in this organism. The presence of a 
putative benzoxazolinone detoxification gene cluster in F. oxysporum f. sp. lycopersici, the 
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tomato wilt pathogen, suggests that an ability to overcome these compounds may provide 
advantages to soil-living fungi that are not directly pathogenic on cereals. 
Outside of the Fusarium genus, resistance to the corn leaf blight pathogen S. turcica 
was reduced on maize unable to produce cyclic hydroxamic acids (Couture et al., 1971). 
Best reciprocal BLASTp matches for three members of the FDB cluster were found in  
S. turcica, suggesting that this species may detoxify benzoxazolinones in a way similar to 
that found in Fusarium spp. In contrast, other grass pathogens such as Puccinia graminis 
var. tritici, Puccinia triticina, G. graminis var. tritici, Cochliobolus sativus, C. heterostrophus 
and Parastagonospora nodorum do not have any gene that shows best reciprocal BLASTp 
matches to any members of the FDB cluster (Gardiner et al., 2012). However, G. graminis 
var. tritici is able to detoxify BOA to HPMA (Friebe et al., 1998) yet is sensitive to 2-AP and 
2-APO (Martyniuk et al., 2006). Similarly, P. nodorum is able to tolerate BOA (Du Fall & 
Solomon, 2013). Presumably, the mechanism(s) for benzoxazinoid detoxification or 
tolerance in these fungi is different from that in fusaria. Other detoxification mechanisms 
certainly exist in nature. For example, weeds employ highly active transporters and 
glutathione-S-transferases to defend themselves against benzoxazinoids (Schulz et al., 
2013). 
Importantly, a role of benzoxazinones in wheat defence against fungal pathogens has 
not been directly demonstrated previously. Here we provide evidence using the 
F. pseudograminearum FDB2 knockouts that benzoxazolinones play a role in wheat head 
blight resistance. In spite of the inability of F. graminearum to metabolize MBOA, the primary 
cause of Fusarium head blight worldwide, altering levels of different benzoxazolinones in 
wheat may be a route to increased disease resistance. However, such alterations should be 
tempered with other agricultural considerations such as persistence, toxicity and 
concentration of benzoxazinoids and metabolites in soil (Etzerodt et al., 2008). Of note, the 
wheat enzymes and respective genes responsible for methoxylation of benzoxazolinone 
precursor DIBOA-β-D-glucoside, which could be used to increase the abundance of MBOA, 
are yet to be identified (Sue et al., 2011).  
F. graminearum and F. culmorum showed enhanced sensitivity to MBOA, but not 
F. pseudograminearum (Figure 3.3), despite their relatively close phylogenetic relationships 
(O'Donnell et al., 2013) and the ability of these pathogens to cause the same diseases on 
wheat. The underlying cause of this differential MBOA sensitivity is unknown. One possibility 
is that one of the conserved cluster genes in these fungi has an altered biochemical function. 
In spite of F. graminearum inability to process MBOA, the complementation experiments 
using the F. graminearum FDB2 homolog into the F. pseudograminearum Δfdb2 mutant 
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restored processing of both BOA and MBOA, indicating that MBOA sensitivity in  
F. graminearum is independent of FDB2. Alternatively, the additional BOA responsive genes 
in the F. pseudograminearum cluster, three (FPSE_08119 to FPSE_08121) of which also 
have reciprocal best BLAST hits in F. verticillioides but not F. graminearum or F. culmorum, 
could be responsible for differential sensitivities observed. These three genes have 
considerably higher conservation between F. pseudograminearum and F. verticillioides than 
the other genes in the cluster (~97% identity compared with other cluster genes at ~80% at 
the amino acid level). Biochemical investigation of each co-expressed enzyme in the cluster 
is required to unequivocally determine their roles in benzoxazolinone detoxification. 
In summary, the need to establish durable resistance to Fusarium-incited diseases 
of wheat has prompted research into understanding the virulence mechanisms of these 
pathogens. In the long term, this understanding will be required to enable improved crop 
protection strategies. This work clearly demonstrates detoxification of the plant derived 
benzoxazolinones is required for successful infection of cereals that produce these 
compounds, demonstrating directly for the first time the role of these compounds in the host 
response to fungal infection. Correlations between higher benzoxazinoid concentrations and 
both Fusarium head blight (FHB) resistance (Soltoft et al., 2008) and yield in wheat (Silva et 
al., 2006) have been reported using a small number of cultivars. Wheat cultivars show 
significant differences in the total amount and proportions of benzoxazinoids found in thei r 
roots (Stochmal et al., 2006; Villagrasa et al., 2006), leaves and grain (Villagrasa et al., 
2006); although again only a small number of cultivars have been analysed. Whilst the 
correlation between benzoxazolinone levels and disease resistance has not been examined 
for Fusarium crown and root rot diseases, these defence compounds may also have an 
effect on these diseases if their concentrations are increased via traditional or molecular 
breeding approaches. 
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Chapter Four 
 
The Fdb3 transcription factor of the Fusarium Detoxification of Benzoxazolinone gene 
cluster is required for MBOA but not BOA degradation in Fusarium 
pseudograminearum. 
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4.1 Summary 
 
A number of cereals produce the benzoxazolinone class of phytoalexins. Fusarium species 
pathogenic towards these hosts can typically degrade these compounds via an aminophenol 
intermediate, and the ability to do so is encoded by a group of genes found in the Fusarium 
Detoxification of Benzoxazolinone (FDB) cluster. A zinc finger transcription factor encoded 
by one of the FDB cluster genes (FDB3) has been proposed to regulate the expression of 
other genes in the cluster and hence is potentially involved in benzoxazolinone degradation. 
Herein we show that Fdb3 is essential for the ability of F. pseudograminearum to efficiently 
detoxify the predominant wheat benzoxazolinone, 6-methoxy-benzoxazolin-2-one (MBOA), 
but not benzoxazoline-2-one (BOA). Furthermore, additional genes thought to be part of the 
FDB gene cluster, based upon transcriptional response to benzoxazolinones, are regulated 
by Fdb3. However, deletion mutants for these latter genes remain capable of 
benzoxazolinone degradation, suggesting that they are not essential for this process. 
 
4.2 Introduction 
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In response to pathogen infection, wheat, rye and maize release benzoxazolinones, a class 
of phytoalexins with anti-fungal and anti-insect activities (Niemeyer, 1988). Investigations 
into these defence compounds have now spanned over 50 years since the first identification 
of 6-methoxy-benzoxazolin-2-one (MBOA) (Wahlroos and Virtanen, 1959), the major 
benzoxazolinone produced by wheat (Villagrasa et al., 2006).  
Certain fungi pathogenic on wheat can degrade benzoxazolinones (Friebe et al., 
1998), suggesting that these pathogens have evolved to overcome host defences. In 
Fusarium species that infect cereals, tolerance to benzoxazolinones occurs via active 
detoxification (Glenn et al., 2001). Much of the earlier research on the detoxification of 
benzoxazolinones by Fusarium spp. has been conducted in F. verticillioides (Glenn et al., 
2002). The detoxification of benzoxazolinones to non-toxic products is facilitated by the Fdb1 
and Fdb2 enzymes (Glenn and Bacon, 2009; Kettle et al., 2015b) (Figure 4.1). In most 
Fusarium spp. examined to date, the genes that encode Fdb1 and Fdb2 are arranged in the 
Fusarium Detoxification of Benzoxazolinone (FDB) gene cluster, which also includes FDB3, 
a Zn(II)2Cys6 transcription factor encoding gene. In contrast, in F. verticillioides, FDB1 and 
FDB2 are located at two distinct loci (Glenn et al., 2002) that contain individual transcription 
factors. Despite the largely conserved composition of the FDB cluster in most Fusarium spp., 
the genomic neighbourhood around this cluster seems to be extensively rearranged 
(Gardiner et al., 2012; Kettle et al., 2015a), as exemplified by the comparison between  
F. pseudograminearum and F. graminearum, where a local inversion of six genes including 
FDB1 and FDB2, was identified (Kettle et al., 2015a). Additionally, differential sensitivities 
to different benzoxazolinones have been observed in these Fusarium spp. (Kettle et al., 
2015a). For instance, F. pseudograminearum can grow on relatively high concentrations of 
both benzoxazoline-2-one (BOA) and MBOA, whereas F. graminearum and F. culmorum 
can only grow on BOA but not on MBOA (Kettle et al., 2015a). 
Transcription factors play central roles in co-ordinating the responses of fungi to 
external stimuli (Yin and Keller, 2011). Zn(II)2Cys6 transcription factors are unique to fungi 
and have been associated with specialised regulatory functions such as mycotoxin 
production in Leptosphaeria maculans (Fox et al., 2008) and F. verticillioides (Flaherty and 
Woloshuk, 2004), hyphal tip apical dominance in F. graminearum (Zhao et al., 2011) and 
cellulosic degradation in Aspergillus spp. (Tani et al., 2014). A Zn(II)2Cys6 transcription factor 
has also been reported to perform non-DNA-binding co-activation, as a regulator of nitrogen 
metabolism in Aspergillus nidulans (Downes et al., 2014). 
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Figure 4.1. Fusarium detoxification of benzoxazolinone (FDB) pathway. The 
benzoxazinone phytoanticipins are non-enzymatically converted to the benzoxazolinone 
phytoalexins (Niemeyer, 1988). Fdb1 catalyses the conversion of benzoxazolinones to 
aminophenols and Fdb2 subsequently converts these via N- malonylation to malonamic 
acids (Glenn & Bacon, 2009). Grey arrow indicates a non-enzymatic reaction. The figure 
was adapted from Glenn and Bacon (2009). DIBOA, 2,4-dihydroxy-1,4-benzoxazin-3-one ; 
DIMBOA, 2,4-dihydroxy-7-methoxy-1,4-benzoxazin-3-one; BOA, 2-benzoxazolinone , 
MBOA, 6-methoxy-2-benzoxazolinone; 2-AP, 2-aminophenol; 2-AMP, 2-amino-5-
methoxyphenol; HPMA, N-[2-hydroxyphenyl]malonamic acid; HMPMA, N-[2-hydroxy-4-
methoxyphenyl]malonamic acid. 
The F. verticillioides FDB3 contributes to efficient BOA detoxification but was not 
absolutely required (Glenn and Bacon, 2009). FDB3 is the only transcription factor encoded 
in the cluster in F. verticillioides. In contrast, in the F. pseudograminearum FDB gene cluster, 
two genes were proposed to encode Zn(II)2Cys6 transcription factors (Kettle et al., 2015a). 
Of these, FPSE_08122 (hereafter called FDB3) is present in all Fusarium species that also 
have FDB1 and FDB2. Homologs of FPSE_08121 are found in F. verticillioides and  
F. oxysporum f. sp. lycopersici (FVEG_17758 and FOXG_17365, respectively) but not other 
Fusarium spp. Whilst both of these F. pseudograminearum genes encode putative 
Zn(II)2Cys6 type transcription factors (PFAM PF00172.16), their products share only 20% 
amino acid identity to each other. 
In this work, Fdb3 and FPSE_08121, the two proposed Zn(II)2Cys6 transcription 
factors encoded by the FDB gene cluster, were characterised using gene deletion mutants. 
We have shown that similarly to its ortholog in F. verticillioides, Fdb3 quantitatively 
contributes to tolerance to BOA in F. pseudograminearum (Glenn and Bacon, 2009). We 
also found that Fdb3 is essential for degradation of the methoxylated benzoxazolinone , 
MBOA. Deletion of FPSE_08121 did not interrupt detoxification of benzoxazolinones, but 
reduced growth of the mutants on BOA and MBOA, suggesting a quantitative but not 
essential role for this gene as a regulator of benzoxazolinone tolerance. In addition, the BOA 
responsive genes flanking FDB1, FDB2 and FDB3 (Kettle et al., 2015a), have been 
characterised for their roles in tolerance to benzoxazolinones. 
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4.3 Methods 
 
4.3.1 Chemicals, fungal isolates, growth and assays 
 
Stock solutions (100 g L-1) of BOA, MBOA and 2-AP (Sigma Aldrich) were prepared in 
DMSO. All fungi were maintained on half strength potato dextrose agar (½PDA).  
F. pseudograminearum isolate CS3096 was selected for transformation (Akinsanmi et al., 
2004). 
BOA, MBOA and 2-AP sensitivity was assessed using growth on solid medium 
amended with the test compounds compared to DMSO-amended medium as previously 
described (Kettle et al., 2015b). Percentage of inhibition was calculated relative to the DMSO 
control. 
Benzoxazolinone degradation was assessed using direct application of colonised 
agar plugs to thin-layer chromatography (TLC) plates as previously described (Kettle et al., 
2015a). In brief, agar plugs, taken from culture plates next to the site of initial inoculation, 
were spotted onto Silica gel 60 F254 TLC plates (Merck). A toluene-ethyl acetate-formic acid 
(50:40:10) bath was used for chemical migration. Dried plates were photographed using 
incident light from a Gibco BRL UV trans-illuminator with a Canon IXUS 870IS digital 
camera. 
 
4.3.2 Vector construction and fungal transformation 
 
The deletion vectors were constructed and mutants identified as previously described (Kettle 
et al., 2015a). In brief, target gene flanking regions and a neomycin phosphotransferase 
(NPT) cassette were assembled into a linearised pYES2 vector, using yeast strain BY4743 
(Thermo Fischer Scientific), guided by homologous PCR primer regions; protoplast 
transformation was as previously described (Gietz and Schiestl, 2007). The FDB3 
complementation vector was constructed as previously described (Kettle et al., 2015a). 
Primer sequences are given in Table 4.1. Fungal transformation was as previously 
described (Gardiner et al., 2012). Whole genome sequencing was performed as previously 
described (Kettle et al., 2015b) using an Illumina MiSeq with a NexteraXT library preparation 
kit (Illumina). CLCbio Workbench version 7 (CLC) was used for the analysis of the genomic 
sequence reads as described previously (Kettle et al., 2015a). Read coverage graphs and 
locus and vector diagrams were exported from CLC into Adobe Illustrator to generate the 
figures. 
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Table 4.1 Primers used in this study for transformation construct generation and PCR 
screening of transformants. 
Name Sequence Use 
Transformation Construct Primers 
FPSE_08120proF CTGTAATACGACTCACTATAGGGAATAT
TAGATCGTTCGCCAAAGGAC 
 
Amplify FPSE_08120 promoter 
region. 5’ end of primer binds to 
pYES2 vector. 
FPSE_08120proR CTTGTGTTGTGTGACTTTTGGTTACGCCG
TTGCTAATAGCAGAAGGATGTAAGG 
 
Amplify FPSE_08120 promoter 
region. 5’ end of primer binds to 
pAN.1 neomycin cassette. 
FPSE_08120 
downF 
GGCCCTGCCATAGCCTCAGGTTAAAGCT
TGTAAAGTATAAATAAAAAAGATATAT 
 
Amplify FPSE_08120 
downstream region. 5’ end of 
primer binds to pAN.1 
neomycin cassette. 
FPSE_08120 
downR 
GTGACATAACTAATTACATGATGCGGCC
CTGTCTCGCTATGTCCCTGGAG 
 
Amplify FPSE_08120 promoter 
region. 5’ end of primer binds to 
pYES2 vector. 
FPSE_08121proF CTGTAATACGACTCACTATAGGGAATAT
TACTCAACCCACGCATCATCTA 
 
Amplify FPSE_08121 promoter 
region. 5’ end of primer binds to 
pYES2 vector. 
FPSE_08121proR CTTGTGTTGTGTGACTTTTGGTTACGCCG
TTTCTTATTAATATAATATATATCTT 
Amplify FPSE_08121 promoter 
region. 5’ end of primer binds to 
pAN.1 neomycin cassette. 
FPSE_08121 
downF 
GGCCCTGCCATAGCCTCAGGTTAAAGCT
TGTAGAAGTTTCTGCCCCTTAGGC 
 
Amplify FPSE_08121 
downstream region. 5’ end of 
primer binds to pAN.1 
neomycin cassette. 
FPSE_08121 
downR 
GTGACATAACTAATTACATGATGCGGCC
CTTCCTTGGAAAATGCTGGAAC 
 
Amplify FPSE_08121 promoter 
region. 5’ end of primer binds to 
pYES2 vector. 
FDB3proF CTGTAATACGACTCACTATAGGGAATAT
TATTGTAAGTGTTGCAAGGTTCAAG  
 
Amplify FDB3 promoter region. 
5’ end of primer binds to 
pYES2 vector. 
FDB3proR CTTGTGTTGTGTGACTTTTGGTTACGCCG
TTGGGAGTGGAATGCGAGTGTG 
 
Amplify FDB3 promoter region. 
5’ end of primer binds to pAN.1 
neomycin cassette. 
FDB3downF GGCCCTGCCATAGCCTCAGGTTAAAGCT
TGGTACATGGTAGTGTAAAATAATTTT 
 
Amplify FDB3 downstream 
region. 5’ end of primer binds to 
pAN.1 neomycin cassette. 
FDB3downR GTGACATAACTAATTACATGATGCGGCC
CTCGCGAACCTCATAACCAAAT 
 
Amplify FDB3 promoter region. 
5’ end of primer binds to 
pYES2 vector. 
FPSE_08125proF CTGTAATACGACTCACTATAGGGAATAT
TAGGCCGTAAGTTGATCGAAATC 
 
Amplify FPSE_08125 promoter 
region. 5’ end of primer binds to 
pYES2 vector. 
FPSE_08125proR CTTGTGTTGTGTGACTTTTGGTTACGCCG
TATGGTAGACAGACTTCCAAGGTAG 
 
Amplify FPSE_08125 promoter 
region. 5’ end of primer binds to 
pAN.1 neomycin cassette. 
FPSE_08125 
downF 
GGCCCTGCCATAGCCTCAGGTTAAAGCT
TGGGCAGTTGATTGGTAGTTTGTTG 
 
Amplify FPSE_08125 
downstream region. 5’ end of 
primer binds to pAN.1 
neomycin cassette. 
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FPSE_08125 
downR 
GTGACATAACTAATTACATGATGCGGCC
CTGCTCCCGTGACAATCACATAC 
 
Amplify FPSE_08125 promoter 
region. 5’ end of primer binds to 
pYES2 vector. 
FPSE_08126proF CTGTAATACGACTCACTATAGGGAATAT
TAATATGCTCGGCTGAGTTGGTG 
 
Amplify FPSE_08126 promoter 
region. 5’ end of primer binds to 
pYES2 vector. 
FPSE_08126proR CTTGTGTTGTGTGACTTTTGGTTACGCCG
TTAACATCGACATGTAGTGAGAAATAG 
 
Amplify FPSE_08126 promoter 
region. 5’ end of primer binds to 
pAN.1 neomycin cassette. 
FPSE_08126 
downF 
GGCCCTGCCATAGCCTCAGGTTAAAGCT
TGGATGGGCGACTAATAAACACAATT 
 
Amplify FPSE_08126 
downstream region. 5’ end of 
primer binds to pAN.1 
neomycin cassette. 
FPSE_08126 
downR 
GTGACATAACTAATTACATGATGCGGCC
CTGGAATAACTCCATTAGGCATATCG 
 
Amplify FPSE_08126 promoter 
region. 5’ end of primer binds to 
pYES2 vector. 
FPSE_08127proF CTGTAATACGACTCACTATAGGGAATAT
TATGTCTCTAGACCGCGGAGAT 
 
Amplify FPSE_08127 promoter 
region. 5’ end of primer binds to 
pYES2 vector. 
FPSE_08127proR CTTGTGTTGTGTGACTTTTGGTTACGCCG
TTTCGTAGCGATTTAAATATAATAGA 
 
Amplify FPSE_08127 promoter 
region. 5’ end of primer binds to 
pAN.1 neomycin cassette. 
FPSE_08127 
downF 
GGCCCTGCCATAGCCTCAGGTTAAAGCT
TGAAACGGCTACTTCCAAGTTGTTTC 
 
Amplify FPSE_08127 
downstream region. 5’ end of 
primer binds to pAN.1 
neomycin cassette. 
FPSE_08127 
downR 
GTGACATAACTAATTACATGATGCGGCC
CTATCATGGAGGGGGACCATATAC 
 
Amplify FPSE_08127 promoter 
region. 5’ end of primer binds to 
pYES2 vector. 
neoF ACGGCGTAACCAAAAGTCAC 
 
Amplify pAN9.1 neomycin 
phosphotransferase cassette. 
Used in knock-out. 
neoR CAAGCTTTAACCTGAGGCTATG 
 
… 
Mutant Screening Primers: Primers A, B & C. 
FPSE_08120_A CTCGCTGCATGTGTAAAGGC 
 
FPSE_08120 mutant PCR 
screening assay. Binds to 
FPSE_08120 promoter region. 
FPSE_08120_B GCTAGCTGACTGTAGTGCCG 
 
FPSE_08120 mutant PCR 
screening assay. Binds to 
FPSE_08120 cDNA region. 
FPSE_08121_A GGAGGAGATAGGTATGGACGC 
 
FPSE_08121 mutant PCR 
screening assay. Binds to 
FPSE_08121 promoter region. 
FPSE_08121_B GGTAATATACACTCTGAGAG 
 
FPSE_08121 mutant PCR 
screening assay. Binds to 
FPSE_08121 cDNA region. 
FDB3_A TGTCGTTTAACTGCCCTCTCCC 
 
FDB3 mutant PCR screening 
assay. Binds to FDB3 promoter 
region. 
FDB3_B TGCGTTGGTGGACCCGTCCC 
 
FDB3 mutant PCR screening 
assay. Binds to FDB3 cDNA 
region. 
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FPSE_08125_A TCTGTTGATCTGCGATAGAC 
 
FPSE_08125 mutant PCR 
screening assay. Binds to 
FPSE_08125 promoter region. 
FPSE_08125_B AATGATTGCCATCCCTGGTA 
 
FPSE_08125 mutant PCR 
screening assay. Binds to 
FPSE_08125 cDNA region. 
FPSE_08126_A GCCTTTATTTTAATTTCGAG 
 
FPSE_08126 mutant PCR 
screening assay. Binds to 
FPSE_08126 promoter region. 
FPSE_08126_B CTTTCAGACGAAGTCCTGGC 
 
FPSE_08126 mutant PCR 
screening assay. Binds to 
FPSE_08126 cDNA region. 
FPSE_08127_A TACAGTGACTACCATCGATG 
 
FPSE_08127 mutant PCR 
screening assay. Binds to 
FPSE_08127 promoter region. 
FPSE_08127_B TCAACTCCATCGACATTCTC 
 
FPSE_08127 mutant PCR 
screening assay. Binds to 
FPSE_08127 cDNA region. 
FP_C GAGCTCACGAGTTCGTCACA Mutant PCR screening assay. 
Binds to pAN9.1 cassette 
region. 
 
4.3.3 RT-qPCR 
 
RT-qPCR was performed as previously described with four biological and three technical 
replicates for all samples (Kettle et al., 2015a), using normalisation to β–tubulin expression 
and relative quantification to control (DMSO) treatments. Primer sequences were described 
previously (Kettle et al., 2015a). Data for fold-change between treatments and DMSO were 
log10 transformed before Student’s t-test was performed. 
 
4.3.4 Accessions 
 
All genome sequence reads for isolates characterised in this study have been deposited in 
the NCBI sequence read archive under the umbrella BioProject PRJNA295113. 
 
 
4.4 Results 
 
4.4.1 Fdb3 is not essential for fungal growth in axenic culture 
 
F. verticillioides FDB3 is dispensable for growth (Glenn and Bacon, 2009) and a  
F. graminearum FDB3 (FGSG_00081) mutant was not associated with loss of pathogenesis 
in wheat head blight assays (Son et al., 2011). In F. pseudograminearum this gene appears 
to be present in all strains analysed to date (Moolhuijzen et al., 2013). To test if Fdb3 is also 
dispensable for growth in F. pseudograminearum, a mutant strain was created in isolate 
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CS3096 by replacing the entire FDB3 gene with a geneticin resistance gene cassette via 
homologous recombination. Transformants were initially screened using a triplex PCR assay 
(Figure 4.2A) and a single mutant was obtained and further characterized. Whole genome 
sequencing of the mutant strain at ~23-fold coverage and mapping of the reads to the 
F. pseudograminearum CS3096 genome (Gardiner et al., 2012) showed precise deletion of 
FDB3 from the genome (Figure 4.2B). Mapping reads to the predicted mutant locus showed 
coverage consistent with both a single insertion of the neomycin phosphotransferase gene 
cassette at the FDB3 locus and the homology flanks used to guide homologous 
recombination being present in single copies. In addition, mapping reads to the plasmid 
sequence used in transformation showed an absence of the plasmid backbone (Figure 
4.2B). Together these read mapping analyses are consistent with a single insertion and no 
additional copies of the transforming DNA in the genome of the mutant. The mutant 
displayed comparable growth to the wild type with respect to hyphal growth on half strength 
potato dextrose agar (½ PDA) containing DMSO as a control (WT vs Δ fdb3 at 5 days:  
p-value 0.15, Figure 4.2C). 
 
4.4.2 Fdb3 controls transcription of genes at the FDB gene cluster in response to 
MBOA. 
 
In a previous study (Kettle et al., 2015a), we tentatively defined the boundaries of the  
F. pseudograminearum FDB gene cluster by transcriptional expression profiling at multiple 
time points after application of BOA. This analysis indicated that in addition to FDB1, FDB2 
and FDB3, the transcriptionally defined cluster included six other genes. Of these, 
FPSE_08119 encodes a putative carrier protein; FPSE_08120 encodes a putative acyl-CoA 
transferase; FPSE_08125 encodes a putative aldo-keto reductase; FPSE_08126 encodes 
a putative esterase; and FPSE_08127 encodes a putative transmembrane transporter. 
Exposure of F. pseudograminearum to MBOA caused significant up-regulation of 
FPSE_08119, FPSE_08120, FDB1, FDB2, FDB3 and FPSE_08125 with greater fold-
changes than those observed with BOA treatment at six hours post-induction (Figure 4.3) 
(p-value ≤ 2.110-2). FPSE_08118 (which was not originally considered part of the cluster 
(Kettle et al., 2015a)), FPSE_08121, FPSE_08126, and FPSE_08127 were also 
upregulated by MBOA but their magnitude of the response was not statistically different from 
that observed in response to BOA. The cluster was also responsive to 2-AP treatment 
(Figure 4.4). 
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Figure 4.2. FDB3 deletion from Fusarium pseudograminearum. (A) Triplex PCR screen 
to detect successful deletion of FDB3. The PCR assay used three primers (FDB3_A, 
FDB3_B and gpdAR) to initially screen transformants for successful gene deletion. The 
assay was designed such that an intact FDB3 gene yielded a smaller amplification product 
than transformants with successful FDB3 deletion. CS3096 genomic DNA and the plasmid 
used for targeted gene disruption were used as controls. (B) Sequence reads from the Δfdb3 
mutant mapped to the predicted deletion locus, progenitor isolate’s FDB3 genomic region 
and plasmid used in transformation. Read coverage graphs are shown below each locus 
diagram. Light grey shading of recombination fragment indicates homologous regions of 
sequence between the vector and target genomic locus. (C) Growth of CS3096 (progenitor 
strain) and Δfdb3 mutant over five days on half strength potato dextrose agar. Error bars 
represent standard error of the mean for four replicate plates. 
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Figure 4.3. Relative expression of the Fusarium pseudograminearum FDB genes in 
response to benzoxazolin-2-one (BOA) and 6-methoxy-benzoxazolin-2-one (MBOA) at 
six hours post exposure of CS3096 (WT, progenitor strain) and Δfdb3 mutant. Gene 
expression was measured using reverse transcriptase-quantitative-PCR. Vertical axes 
represent expression relative to DMSO solvent-treated controls. Error bars represent the 
standard error of the mean for four biological replicates for BOA or MBOA and DMSO 
amended medium. Asterisks represent statistically significant differences at p = 0.05 in  
t-tests performed on log transformed fold change data. The p-value for the difference 
between FPSE_08126 expression in the progenitor versus Δfdb3 strains under MBOA 
treatment was 0.053. Statistical comparisons were not made between BOA and MBOA in 
the Δfdb3 strain. 
 
 
 
Figure 4.4. Fold change in expression of the Fusarium pseudograminearum (CS3096) FDB 
cluster and flanking genes in response to 2-aminophenol (2-AP) at six hours post exposure. 
Gene expression was measured using reverse transcriptase-quantitative-PCR. Vertical axes 
represent expression relative to solvent-treated controls. Error bars represent the propagated 
standard error of the mean for four biological replicates for 1 mg mL-1 2-AP and DMSO controls. 
 
To determine if Fdb3 acts as a positive regulator of the FDB cluster, the expression 
of the nine cluster genes plus FPSE_08118 was compared between the progenitor and 
Δfdb3 strains under BOA and MBOA treatment. This analysis revealed that the magnitude 
of the induction observed for nine of the ten genes  was significantly reduced in response to 
MBOA treatment in the Δfdb3 mutant compared to the progenitor strain (p-value ≤ 210-2) 
(Figure 4.3). The difference for the tenth gene (FPSE_08126) was close to significant  
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(p = 0.053). The strong co-induction patterns observed for these genes in the wild type in 
response to MBOA provide further support to our original definition of the cluster boundaries 
plus extension to include FPSE_08118. However, in response to BOA, Fdb3 does not 
appear to be important for regulation of the cluster at the time point tested as no significant 
change with the exception of FPSE_08118 and FPSE_08119 (p-value 6.110-3 and 
4.210-4, respectively), in the expression of these genes following BOA exposure could be 
observed in the Δfdb3 compared to the progenitor strain. 
 
4.4.3 FDB3 is essential for efficient degradation of MBOA but not BOA in 
F. pseudograminearum. 
 
It was previously reported that a fdb3 mutant strain showed partial sensitivity to BOA in  
F. verticillioides (Glenn and Bacon, 2009). We have observed a similar phenotype in the 
F. pseudograminearum Δfdb3 mutant (Figure 4.5). Deletion of FDB3 resulted in reduced 
growth on BOA- and 2-AP-amended medium. Δfdb3 growth on 0.5 mg mL-1 BOA- and  
0.4 mg mL-1 2-AP-amended medium was reduced to 60.4% (p-value 9.110-4) and 40.1%  
(p-value 1.010-3), respectively, compared to the growth of the progenitor strain at seven 
days (Figure 4.5). Degradation of BOA and 2-AP in Δfdb3 remained unchanged on amended 
medium as metabolite profiles in the mutant were identical to the progenitor strain when 
analysed by thin layer chromatography (TLC) (Figure 4.5C). Thus, although no 
transcriptional differences between the wild type and Δfdb3 strains were seen for FDB1 and 
FDB2 six hours after acute exposure to BOA, and the mutant strain was still able to process 
BOA as measured after seven days growth on the BOA-amended medium, its growth in the 
presence of this compound was retarded. This suggests there may be subtle quantitative 
changes in the response to BOA that was not detected in the gene expression assay or 
metabolite analysis via TLC. 
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Figure 4.5. Fdb3 is required for full tolerance to benzoxazolinones and  
2-aminophenol. (A) Exemplar photographs of the progenitor Fusarium 
pseudograminearum strain CS3096 (WT) and the Δfdb3 strain growing on half strength 
potato dextrose agar (½ PDA) amended with 0.5 mg mL-1 of benzoxazolin-2-one (BOA) at 
seven days post inoculation (dpi), 0.5 mg mL-1 MBOA at seven and 20 days dpi, and 0.4 mg 
mL-1 of 2-aminophenol (2-AP) at five dpi. DMSO was used as a control. (B) Quantification 
of growth of Δfdb3 and WT on ½ PDA amended medium as indicated. Vertical axes 
represent the percentage of growth relative to the DMSO control. Error bars represent the 
standard error of the mean for four biological replicates. (C) Comparison of BOA, MBOA 
and 2-AP degradation via thin layer chromatography (TLC) by WT and a Δfdb3 strain on 
amended ½ PDA. The experiment and TLC analysis was repeated and identical results were 
obtained with metabolite separation at 11 dpi (data not shown). 
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The F. pseudograminearum Δfdb3 mutant showed more pronounced growth 
reduction on MBOA containing medium than on BOA-amended medium. After seven days 
of growth on 0.5 mg mL-1 MBOA, the growth area of Δfdb3 was only 22.3% of that of the 
progenitor strain (p-value 1.210-4, Figure 4.5A, 4.5B). Even after extended incubation  
(20 days), the growth of Δfdb3 was limited to the region near the inoculation point on MBOA 
amended medium, whereas the progenitor strain had already completely covered the Petri 
dish. The same result was observed in three repeated experiments. Complementation of 
Δfdb3 with FDB3 restored growth on MBOA-amended medium (Figure 4.6A, 4.6B). At seven 
days post inoculation, separation of metabolites using TLC indicated full MBOA 
detoxification by the progenitor strain whilst a large proportion of the MBOA remained  
un-degraded in medium of the Δfdb3 culture (Figure 4.5C). Complementation of Δfdb3 
restored the ability of the strain to efficiently degrade MBOA as assayed by TLC (Figure 
4.6C). The limited growth of the Δfdb3 mutant on MBOA confounds the analysis of MBOA 
degradation in that the strains most likely had limited opportunity to degrade the MBOA. At 
lower concentrations, the severe inhibitory effect of MBOA on the Δfdb3 mutant was relieved 
and on 0.2 and 0.4 mg mL-1 MBOA-amended medium, no significant difference was 
observed between the parent and Δfdb3 (p-value ≥ 0.15). However, despite the Δfdb3 strain 
being able to grow on these lower concentrations of MBOA, TLC separation of metabolites 
indicated MBOA remained mostly un-degraded in the medium (Figure 4.7). These 
experiments suggest that the inability of the Δfdb3 isolate to efficiently process MBOA at 
high concentrations described above is not simply due to lack of growth, but rather that the 
isolate has a severely reduced capacity to process this compound. Presumably at lower 
concentrations, an alternative tolerance mechanism allows growth in the presence of MBOA. 
Despite the severely reduced ability of Δfdb3 to degrade MBOA a small proportion of MBOA 
still appears to be processed by this strain as weak bands with migration patterns consistent 
with processing were sometimes observed in TLC assays (e.g. Figure 4.7). This is 
consistent with some expression of the cluster still being observed in Δfdb3 (Figure 4.3). 
Taken together these results suggest Fdb3 has a major quantitative influence on the ability 
of F. pseudograminearum to degrade MBOA. 
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Figure 4.6. Restoration of 6-methoxy-benzoxazolin-2-one (MBOA) degradation in 
complemented strains. (A) Exemplar photographs of the progenitor Fusarium 
pseudograminearum strain CS3096 (WT), Δfdb3 strain, and three complemented 
Δfdb3::FDB3 strains growing on half strength potato dextrose agar (½ PDA) amended with 
0.5 mg mL-1 of MBOA at seven days post inoculation. DMSO was used as a control.  
(B) Quantification of growth of WT, Δfdb3 and one Δfdb3::FDB3 strain on ½ PDA amended 
medium as indicated. Vertical axes represent the percentage of growth relative to the DMSO 
control. Following five days of growth, t-tests were performed comparing the progenitor 
strain and Δfdb3::FDB3 complemented mutants. Statistically significant difference was 
observed for the complemented mutants compared to the progenitor Δfdb3 strain when 
growing on MBOA (p-value ≤ 3.410-3). Data is shown for Δfdb3::FDB3#1 only for clarity but 
the growth of this isolate is representative of all of the complemented strains. Error bars 
represent the standard error of the mean for three biological replicates. (C) Comparison of 
MBOA degradation via thin layer chromatography (TLC) by isolates on amended ½ PDA at 
seven days post-incubation (dpi). The MBOA metabolite is proposed to be N-(2-hydroxy-4-
methoxyphenyl) malonamic acid (HMPMA) (Glenn & Bacon, 2009). 
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Figure 4.7. Fdb3 is required for efficient detoxification to 6-methoxy-benzoxazolin-2-
one (MBOA). (A) Exemplar photographs of the progenitor Fusarium pseudograminearum 
strain CS3096 (WT) and the Δfdb3 strain growing on half strength potato dextrose agar  
(½ PDA) amended with 0.2 or 0.4 mg mL-1 MBOA at five days post inoculation (dpi). DMSO 
was used as a control. (B) Quantification of growth of Δfdb3 and WT on ½ PDA amended 
medium as indicated. Vertical axes represent the percentage of growth relative to the DMSO 
control. Error bars represent the standard error of the mean for three biological replicates. 
(C) Comparison of 0.2 and 0.4 mg mL-1 MBOA degradation via thin layer chromatography 
(TLC) by WT and Δfdb3 strains on amended ½ PDA. 
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4.4.4 The FPSE_08121 transcription factor contributes quantitatively to 
benzoxazolinone tolerance. 
 
FPSE_08121 is transcriptionally responsive to BOA and MBOA, and its MBOA 
responsiveness is regulated by Fdb3 (Figure 4.3). To investigate the contribution of 
FPSE_08121 to benzoxazolinone degradation, the encoding gene was deleted via 
homologous recombination and three mutant strains were isolated (Figure 4.8A). Genome 
sequencing of each of the Δfpse_08121 mutants confirmed the deletion. In addition, 
mapping reads to the CS3096 predicted knock-out locus, progenitor genomic FPSE_08121 
locus and plasmid sequence showed coverage consistent with the absence of the plasmid 
in only one mutant, Δfpse_08121#2 (hereafter referred to as Δfpse_08121) (Figure 4.8B). 
Whilst the FPSE_08121 gene was deleted in the remaining two mutants, the mapped reads 
displayed higher coverage on the homologous regions used in the transforming DNA and 
sequence of the plasmid backbone at ~80-fold coverage (Figure 4.8C). This mapping 
pattern was interpreted as the strain having a successful deletion event plus at least one 
ectopic integration of the plasmid. Therefore, these plasmid-containing isolates were not 
used in further analyses. The Δfpse_08121 strain without the plasmid backbone, showed 
comparable growth to the progenitor strain (p-value 0.21) (Figure 4.9A, 4.9B). The mutant’s 
growth and ability to degrade BOA and MBOA were then tested. At seven days, 
Δfpse_08121’s growth on 0.5 mg mL-1 BOA and MBOA was reduced to 52.6% (p-value 
6.110-3) and 59.7% (p-value 9.710-3), respectively compared to the parent on identical 
medium. However, the mutant maintained its ability to process BOA and MBOA (Figure 
4.9C). Compared to the progenitor strain, the growth of the Δfpse_08121 mutant on 0.4 mg 
mL-1 BOA- (p-value 6.910-2, data not shown) or MBOA- (p-value 0.69, data not shown) 
amended medium appeared to be inhibited but this difference was not statistically 
significant, suggesting that FPSE_08121 contributes to benzoxazolinone tolerance in a 
quantitative manner. 
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Figure 4.8. FPSE_08121 deletion from Fusarium pseudograminearum. (A) Triplex PCR 
screen to detect successful gene deletion. The PCR assay used three primers 
(FPSE_08121_A, FPSE_08121_B, and gpdAR) to initially screen transformants for 
successful gene deletion. The assay was designed such that an intact FPSE_08121 gene 
yielded a smaller product than transformants with successful deletion. CS3096 genomic 
DNA and the plasmid used for targeted gene disruption were used as controls. (B) 
Sequence reads from the Δfpse_08121#2 mutant mapped to the predicted deletion locus, 
progenitor isolate’s FPSE_08121 genomic region and plasmid used in transformation. Read 
coverage graphs are shown below each locus diagram. Light grey shading of recombination 
fragment indicates homologous regions of sequence between the vector and target genomic 
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locus. (C) Sequence reads from the Δfpse_08121#1 mutant mapped to the predicted 
deletion locus, progenitor isolate’s genomic region and the transformation plasmid. 
Representative read coverage graphs are shown below each locus diagram. Although the 
absence of reads mapping to the FPSE_08121 coding sequence are confirmation of 
successful gene deletion, reads mapping to the plasmid backbone and an elevated read 
coverage of the homology flanks (~1 kbp either side of antibiotic resistance cassette) 
compared to the regions outside of homology flanks indicate additional ectopic integrations 
of the transforming DNA in this strain. Light grey shading of recombination fragment 
indicates homologous regions of sequence between the vector and target genomic locus. 
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Figure 4.9. FPSE_08121 is not required for detoxification of 6-methoxy-benzoxazolin-
2-one (MBOA) or benzoxazolin-2-one (BOA). (A) Exemplar photographs of the progenitor 
Fusarium pseudograminearum strain CS3096 (WT) and Δfpse_08121 strain growing on half 
strength potato dextrose agar (½ PDA) amended with 0.5 mg mL -1 of BOA or MBOA at 
seven days post inoculation. DMSO was used as a control. (B) Quantification of growth of 
Δfpse_08121 and WT on ½ PDA amended medium as indicated. Vertical axes represent 
the percentage of growth relative to the DMSO control. Following seven days of growth,  
t-tests were performed comparing the progenitor strain and Δfpse_08121 mutants. 
Statistically significant differences were observed for the mutant compared to the progenitor 
strain when growing on BOA (p-value 6.210-3) and MBOA (p-value 9.710-3). Error bars 
represent the standard error of the mean from three biological replicates. (C) Comparison 
of BOA and MBOA degradation via thin layer chromatography (TLC) by progenitor  
F. pseudograminearum CS3096 (WT) and Δfpse_08121 strains on amended ½ PDA.  
Un-inoculated medium was used as a control.  
To determine if FPSE_08121 has any regulatory effect on the expression of other 
genes of the FDB cluster, the expression of FPSE_08119 to FPSE_08127 was compared 
between the progenitor and Δfpse_08121 strains under BOA, MBOA and 2-AP treatment. 
Compared to the progenitor strain, the magnitude of the FPSE_08120 transcriptional 
response to 2-AP treatment was significantly reduced in the Δfpse_08121 mutant at  
12 hours post treatment (p-value 1.610-2, Figure 4.10) but not under any other treatments 
or at six hours post exposure. In the F. verticillioides genome, orthologous genes of 
FPSE_08121 and FPSE_08120 are located adjacent to each other but separate from FDB1 
and FDB2 (Kettle et al., 2015a), and may represent a third locus in the F. verticillioides 
genome involved in benzoxazolinone degradation. No other genes appear to be positively 
regulated by FPSE_08121 under the exposure conditions tested. Statistically significant 
upregulation in the mutant compared to the progenitor strain for FDB1, FDB2, FPSE_08125 
and FPSE_08127 was observed, but in each case this was only under one of the six possible 
time-point/treatment combinations in this experiment (Figure 4.10). 
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Figure 4.10. Relative expression of the Fusarium pseudograminearum FDB genes in 
response to 1 mg mL-1 benzoxazolin-2-one (BOA), 6-methoxy-benzoxazolin-2-one 
(MBOA) or 2-aminophenol (2-AP) at six and 12 hours post exposure of CS3096 (WT, 
progenitor strain) and Δfpse_08121 mutant. Gene expression was measured using 
reverse transcriptase-quantitative-PCR. Vertical axes represent expression relative to 
DMSO solvent-treated controls. Error bars represent the standard error of the mean for four 
biological replicates for BOA, MBOA, 2-AP and DMSO amended medium. Asterisks 
represent statistically significant differences at p = 0.05 in t-tests performed on log 
transformed fold change data. Statistical comparisons were only made between progenitor 
and mutant strains and not between compounds. 
4.4.5 Neighbouring genes regulated by Fdb3are not required for benzoxazolinone 
detoxification. 
 
The genes in the F. pseudograminearum FDB gene cluster are co-expressed in response 
to BOA treatment (Kettle et al., 2015a). Predicted orthologs of FPSE_08125 to FPSE_08127 
contained in the F. verticillioides FDB2 locus (FVEG_12638 to FVEG_12640 respectively) 
have been previously investigated through complementation of a strain lacking this region 
with different versions of the same cosmid clone carrying a transposon disrupting individual 
genes in the cluster. In these experiments, FVEG_12638 to FVEG_12640 did not affect BOA 
tolerance (Glenn and Bacon, 2009). However, direct deletion of these genes in a  
F. verticillioides strain with full BOA processing capabilities has not previously been 
described in the literature. Furthermore, the phenotypes of these mutants have not been 
tested against MBOA, nor was the ortholog of the conserved gene FPSE_08120 
(FVEG_14165) examined for a role in benzoxazolinone detoxification. 
To analyse the involvement of genes neighbouring FDB1, FDB2, and FDB3 in 
benzoxazolinone detoxification, the genes FPSE_08120, FPSE_08125, FPSE_08126 and 
FPSE_08127 were individually replaced by a geneticin resistance gene cassette as 
described above, in F. pseudograminearum isolate CS3096. Transformants were initially 
screened using a triplex PCR assay (Figure 4.11) and single mutants for FPSE_08120 (data 
not shown) and FPSE_08127; two independent mutants for FPSE_08126 and four 
independent mutants for FPSE_08125 were identified. Whole genome sequencing of the 
mutant strains at 17-fold or greater coverage confirmed the absence of the individual target 
genes (Figure 4.12). Mapping reads to the plasmid sequence used in transformation showed 
coverage consistent with the absence of the plasmid within the mutants. 
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Figure 4.11. Triplex PCR screen to detect deletion of neighbouring genes to the FDB cluster 
from Fusarium pseudograminearum. (A) A generic representation of the target gene deletion 
screening strategy is presented. The PCR assay used three primers (A, B and C) to initially screen 
transformants for successful homologous recombination. The assay was designed such that an 
intact target gene yielded a smaller product than transformants with successful gene deletion. 
CS3096 genomic DNA and the transformation plasmid used for targeted gene disruption were used 
as controls. (B) Exemplar PCR assays determining successful knock-outs of FPSE_08125, 
FPSE_08126 and FPSE_08127.  
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Figure 4.12. Whole genome sequencing to confirm deletion of co-expressed 
neighbouring genes to the FDB cluster in Fusarium pseudograminearum. Sequence 
reads from the Δfpse_08120 (A), Δfpse_08125 (B), Δfpse_08126 (C), and Δfpse_08127 (D) 
mutants mapped to the predicted deletion locus, progenitor isolate’s genomic region and the 
transformation plasmid. Read coverage graphs are shown below each locus diagram. 
Where more than one isolate was available figure indicates general observation of mutant 
isolates. Light grey shading of recombination fragment indicates homologous regions of 
sequence between the vector and target genomic locus. 
The relative growth rates of the mutants in the presence of DMSO (control), BOA and 
MBOA were then assessed as summarized in Table 4.2. Whilst gene expression analyses 
showed a strong response of these genes to MBOA, most mutant isolates displayed 
significantly reduced growth at seven days only on 0.5 mg mL -1 BOA-, but not MBOA-
amended medium. On 0.5 mg mL-1 BOA-amended medium, Δfpse_08120, Δfpse_08125 
and Δfpse_08127 showed significantly reduced growth compared to the CS3096 progenitor 
strain. 
 
Table 4.2. Relative growth of knock-out mutants on BOA- or MBOA-amended medium. 
Compared to the progenitor strain, some knock-out isolates showed reduced growth at 
seven days, relative to DMSO-amended control, on 0.5 mg mL-1 BOA (* p-value < 0.01) but 
not 0.5 mg mL-1 MBOA amended medium. 
Isolates 
% of WT growth (±SEM#)  
Figures 
BOA MBOA 
Δfpse_08120#1 48.0 (±3.7) * 107.7 (±18.8) Figure 4.13 
Δfpse_08125#1 49.3 (±5.1) * 94.8 (±21.8) Figure 4.14 
Δfpse_08125#2 64.4 (±3.7) * 107.7 (±21.8)  
Δfpse_08126#1 64.1 (±14.5) 108.8 (±22.7) Figure 4.15 
Δfpse_08126#2 77.6 (±18.2) 103.2 (±37.2)  
Δfpse_08127#1 52.4 (±3.3) * 78.5 (±6.7) Figure 4.16 
Δfpse_08127#2 61.9 (±5.5) * 111.8 (±12.4)  
#SEM: standard error of the mean of three biological replicates. 
Investigation of metabolic capabilities of the various strains in benzoxazolinone 
detoxification was also analysed via TLC separation of metabolites. Interestingly, the ability 
of these mutant strains to detoxify benzoxazolinones remained functional, as 
benzoxazolinone degradation products after seven days growth on BOA or MBOA for all 
mutants were identical to the progenitor strain (see Figure 4.13 – 4.16). These data suggest 
the contribution of FPSE_08120, FPSE_08125, FPSE_08126 and FPSE_08127 to 
benzoxazolinone detoxification is relatively minor compared to Fdb1, Fdb2 and Fdb3. 
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Figure 4.13. FPSE_08120 is not required for tolerance to 6-methoxy-benzoxazolin-2-
one (MBOA) or benzoxazolin-2-one (BOA). (A) Exemplar photographs of the progenitor 
Fusarium pseudograminearum strain CS3096 (WT) and a Δfpse_08120 strain growing on 
half strength potato dextrose agar (½ PDA) amended with 0.5 mg mL -1 of BOA or MBOA at 
seven days post inoculation. DMSO was used as a control. (B) Quantification of growth of 
Δfpse_08120 and WT on ½ PDA amended medium as indicated. Vertical axes represent 
the percentage of growth relative to the DMSO control. Following seven days of growth  
t-tests were performed comparing the progenitor strain and Δfpse_08120 mutant normalized 
growth. Statistically significant differences were observed for the mutant compared to the 
progenitor strain when growing on BOA (p-value 3.910-4) but not MBOA (p-value 0.73). 
Error bars represent the standard error of the mean from three biological replicates.  
(C) Analysis of BOA and MBOA degradation via thin layer chromatography (TLC) by 
progenitor F. pseudograminearum CS3096 (WT) and a Δfpse_08120 strain on amended  
½ PDA. Un-inoculated was used as a control. An independent replication of this experiment 
confirmed the growth reduction for this mutant on 0.5 mg mL-1 BOA-amended medium (data 
not shown). 
 130 
 
 131 
Figure 4.14. FPSE_08125 is not required for tolerance to 6-methoxy-benzoxazolin-2-
one (MBOA) or benzoxazolin-2-one (BOA). (A) Exemplar photographs of the progenitor 
Fusarium pseudograminearum strain CS3096 (WT) and a Δfpse_08125#1 strain growing 
on half strength potato dextrose agar (½ PDA) amended with 0.5 mg mL -1 of BOA or MBOA 
at seven days post inoculation. DMSO was used as a control. (B) Quantification of growth 
of Δfpse_08125#1 and WT on ½ PDA amended medium as indicated. Vertical axes 
represent the percentage of growth relative to the DMSO control. Following seven days of 
growth t-tests were performed comparing the progenitor strain and Δfpse_08125 mutant 
growth normalized to DMSO control. Statistically significant differences were observed for 
the mutants compared to the progenitor strain when growing on BOA (p-value ≤ 1.510-3), 
but not MBOA (p-value ≥ 0.77). Error bars represent the standard error of the mean from 
three biological replicates. (C) Analysis of BOA and MBOA degradation via thin layer 
chromatography (TLC) by progenitor F. pseudograminearum CS3096 (WT) and a 
Δfpse_08125#1 strain on amended ½ PDA. Un-inoculated was used as a control.  
An independent replication of this experiment confirmed the growth reduction for this mutant 
on 0.5 mg mL-1 BOA-amended media (data not shown). 
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Figure 4.15. FPSE_08126 is not required for tolerance to 6-methoxy-benzoxazolin-2-
one (MBOA) or benzoxazolin-2-one (BOA). (A) Exemplar photographs of the progenitor 
Fusarium pseudograminearum strain CS3096 (WT) and a Δfpse_08126#1 strain growing 
on half strength potato dextrose agar (½ PDA) amended with 0.5 mg mL-1 of BOA or MBOA 
at seven days post inoculation. DMSO was used as a control. (B) Quantification of growth 
of Δfpse_08126#1 and WT on ½ PDA amended medium as indicated. Vertical axes 
represent the percentage of growth relative to the DMSO control. Following seven days of 
growth t-tests were performed comparing the progenitor strain and Δfpse_08126#1 mutant. 
No statistically significant differences were observed for the mutant compared to the 
progenitor strain when growing on BOA in either mutant (p-value ≥ 0.07) or MBOA (p-value 
≥ 0.54). Error bars represent the standard error of the mean from three biological replicates. 
(C) Analysis of BOA and MBOA degradation via thin layer chromatography (TLC) by 
progenitor F. pseudograminearum CS3096 (WT) and a Δfpse_08126#1 strain on amended 
½ PDA. Un-inoculated was used as a control. 
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Figure 4.16. FPSE_08127 is not required for tolerance to 6-methoxy-benzoxazolin-2-
one (MBOA) or benzoxazolin-2-one (BOA). (A) Exemplar photographs of the progenitor 
Fusarium pseudograminearum strain CS3096 (WT) and a Δfpse_08127#1 strain growing 
on half strength potato dextrose agar (½ PDA) amended with 0.5 mg mL-1 of BOA or MBOA 
at seven days post inoculation. DMSO was used as a control. (B) Quantification of growth 
of Δfpse_08127 and WT on ½ PDA amended medium as indicated. Vertical axes represent 
the percentage of growth relative to the DMSO control. Following seven days of growth  
t-tests were performed comparing the progenitor strain and Δfpse_08127 mutant. 
Statistically significant differences were observed for the mutants compared to the 
progenitor strain when growing on BOA (p-value ≤ 3.610-3) but not MBOA (p-value ≥ 0.13). 
Error bars represent the standard error of the mean for three biological replicates.  
(C) Analysis of BOA and MBOA degradation via thin layer chromatography (TLC) by 
progenitor F. pseudograminearum CS3096 (WT) and a Δfpse_08127#1 strain on amended 
½ PDA. An independent replication of this experiment confirmed the growth reduction for 
this mutant on 0.5 mg mL-1 BOA-amended medium (data not shown). 
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4.5 Discussion 
 
In this study, we examined the roles of the Fdb3 and FPSE_08121 Zn(II)2Cys6 transcription 
factors in benzoxazolinone degradation. We individually deleted the genes for each 
transcription factor from the F. pseudograminearum CS3096 FDB gene cluster by 
homologous recombination. The reduced expression of FDB1 and FDB2 in response to 
MBOA and increased sensitivity of Δfdb3 to MBOA compared to the wild type demonstrates 
Fdb3 is essential for efficient degradation of MBOA. Fdb3 was also found to be a positive 
regulator of the entire FDB cluster upon MBOA exposure. However, the partially reduced 
responsiveness of this cluster to benzoxazolinones rather than complete loss of expression 
in the Δfdb3 strain, suggests that transcription of this cluster is also controlled by other 
regulatory mechanisms. 
In contrast to Fdb3, the role of the FPSE_08121 transcription factor in 
benzoxazolinone tolerance and detoxification is less clear. Whilst this transcription factor is 
also regulated by Fdb3, and growth was impaired by BOA and MBOA in the Δfpse_08121 
isolate, the removal of benzoxazolinones from amended medium and appearance of final 
degradation products on TLC plates implies that FPSE_08121 is not essential for BOA or 
MBOA processing. 
Fdb3 is essential for efficient MBOA degradation by F. pseudograminearum. The 
inability of the FDB3 knock-out strain to degrade MBOA is similar to the inability of wild type 
F. graminearum strains to process or grow on MBOA (Kettle et al., 2015a). Given the high 
sequence conservation between the F. pseudograminearum and F. graminearum Fdb3 
proteins, it would not be expected that this differential sensitivity would be caused by 
differences in Fdb3. However, this possibility requires formal testing with gene swaps 
between the two fungi. An alternative mechanism for the differential sensitivity to BOA and 
MBOA of different Fusarium spp. may be associated with differential regulation of the FDB 
cluster which also remains to be tested. However, differential growth phenotypes of 
Fusarium spp. have been associated with differences in the promoters driving orthologous 
enzymes of catabolism and pathogenicity (Jonkers et al., 2011). Despite the conservation 
of the FDB1, FDB2 and FDB3, across Fusarium spp. (Kettle et al., 2015a), the regulatory 
regions of these genes are less well conserved. Further investigation is required to identify 
the molecular mechanism underlying differential benzoxazolinone sensitivities in the FDB3 
mutant compared to its parent and between different Fusarium species. 
Co-expression patterns have been used to define gene clusters in fungi (Lawler et 
al., 2013), an approach which was used to initially define the FDB cluster in  
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F. pseudograminearum (Kettle et al., 2015a). However, the relatively minor changes 
observed in the deletion mutants for FPSE_08120, FPSE_08125, FPSE_08126 and 
FPSE_08127 on BOA-amended medium and no changes on MBOA-amended medium do 
not categorically support the initial definition of the cluster boundaries, or these enzymes 
may have redundant functions within the genome. Therefore, the definition of the FDB gene 
cluster requires further exploration. Figure 4.9 summaries the current understanding of the 
role of the genes in the F. pseudograminearum FDB cluster and highlights the somewhat 
conflicting data for definition of the cluster boundaries. Whilst the genes surrounding FDB1, 
FDB2, and FDB3 in F. pseudograminearum do not directly contribute to BOA or MBOA 
detoxification, it is possible that they have a role in further processing of the non-toxic end 
product, HPMA or HMPMA, as, for example, carbon or nitrogen sources. 
Benzoxazolinones probably play more diverse roles in the plant than defence 
compounds alone. In the rhizosphere, benzoxazolinones released from roots are utilised by 
larvae of the western corn root worm (Diabrotica virgifera) to distinguish hosts from non-
hosts (Bjostad and Hibbard, 1992) and as a chemotaxis signal by bacteria (Neal et al., 2012). 
It is plausible that benzoxazolinones can also act as signals for Fusarium spp. Indeed, plant 
interacting fungi are known to distinguish very specific plant signals including small 
molecules. For example, the maize produced 9S-hydroperoxy linoleic acid and  
13S-hydroperoxy linoleic acid increase and represses toxin production respectively in 
Aspergillus spp. (Burow et al., 1997). A relationship between 9-oxylipin production and 
mycotoxin accumulation has also been observed in Fusarium spp. infecting cereal hosts 
(Dall'Asta et al., 2015; Nobili et al., 2014). If F. pseudograminearum uses the 
benzoxazolinones as a host recognition signal, and whether the response of  
F. pseudograminearum to these compounds is broader than the FDB cluster could be an 
interesting avenue to explore in future studies. 
In conclusion, our results presented in this paper reveal a role for the transcription 
factor Fdb3 as a regulator of the FDB gene cluster in response to MBOA, and activation of 
the FDB gene cluster by Fdb3 is required for tolerance to the predominate wheat 
benzoxazolinone MBOA. Presumably regulation of FDB1 and FDB2, which have previously 
been demonstrated as the key enzymes in the degradation pathway (Glenn and Bacon, 
2009; Kettle et al., 2015a; Kettle et al., 2015b), is the primary route by which Fdb3 is acting. 
However, the transcriptional influence of Fdb3 outside of FDB1 and FDB2 genes, in 
response to benzoxazolinone exposure, suggests that this transcription factor may also 
perform a wider regulatory role. In contrast, the transcription factor FPSE_08121 may be 
required only for the positive regulation of the FPSE_08120 acyl-CoA transferase and 
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negative regulation of some of the other genes in the cluster but based on the evidence 
presented here this requires further investigation. The other genes in this cluster, from 
FPSE_08125 to FPSE_08127, whilst not directly involved in MBOA or BOA detoxification, 
may play yet unknown roles in the response to benzoxazolinones. Therefore, the FDB gene 
cluster directly involved in benzoxazolinone detoxification appears to be limited to FDB1, 
FDB2 and FDB3 in F. pseudograminearum, and the precise function of the other genes in 
the wider cluster remains unclear. 
 
 
 
Figure 4.17. Summary of the FDB cluster. The original transcriptional definition of the  
F. pseudograminearum FDB cluster was derived from Kettle et al. (2015a). The FDB3 
regulation is based on reduced expression of these genes in the Δfdb3 mutant compared to 
the progenitor strain under BOA and/or MBOA treatment. The categorisation of a genes 
quantitative contribution to resistance is based on the data presented here. The definition of 
the region conserved across many Fusarium spp. is based on data presented in Kettle et al. 
(2015a). 
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Chapter Five 
 
Conclusions, implications and future directions 
 
This chapter briefly summarises the research findings of this PhD project. Additionally, 
implications and potential applications of the research results presented in the thesis are 
considered, and further pathways of research discussed. This project has improved our 
overall understanding of Fusarium-incited cereal diseases by specifically identifying the 
pathogen enzymes responsible for the detoxification of the benzoxazolinone class of 
phytoalexins produced by some cereals. 
5.1 Thesis Overview 
 
This thesis presents a complete investigation of the pathway of Fusarium detoxification of 
benzoxazolinones (FDB) in F. pseudograminearum; reporting the enzymatic machinery 
responsible for the processing of the benzoxazolinone class of phytoalexins to non-toxic 
malonamic acids.  
Chapter One. This chapter summarises the literature available on the topic of Fusarium 
diseases with specific attention to degradation of the benzoxazolinone class of plant 
phytoalexins. 
Chapter Two. In this section, the enzyme involved in the first step in degradation of the 
benzoxazolinone by Fusarium species was characterised. Here, Fdb1 (formerly 
FPSE_08124 in F. pseudograminearum) was confirmed as the gamma-lactamase 
processing the phytoalexin class of benzoxazolinones to aminophenols. 
Chapter Three. In this chapter, the second step in degradation of benzoxazolinones by 
Fusarium species was investigated. Fdb2 (formerly FPSE_08123 in  
F. pseudograminearum) was confirmed as a N-malonyl-transferase. Deletion of FDB2 was 
shown to interrupt the processing of the intermediate aminophenol to malonamic acid. The 
loss of aminophenol processing activity was associated with reduction of  
F. pseudograminearum virulence to wheat heads.  
Chapter Four. In this chapter, the transcription factors Fdb3 (formerly FPSE_08122 in  
F. pseudograminearum) and FPSE_08121 encoded in the FDB gene cluster were 
characterised. It was confirmed that Fdb3 exhibited transcriptional control on the expression 
of genes regulating the processing of the methoxylated form of benzoxazolinone, MBOA. 
The FPSE_08121 transcriptional regulator appeared to affect only the neighbouring gene 
 140 
FPSE_08120. In addition, four other benzoxazolinone responsive genes (FPSE_08120, 
FPSE_08125, FPSE_08126, and FPSE_08127) surrounding Fdb3 were investigated for 
their roles in benzoxazolinone degradation, but no evidence for their essential involvement 
was observed.  
5.2 Research synthesis 
 
The work presented in this thesis, along with a large body of literature, has allowed the 
development of a complex model of the biosynthesis and detoxification of 
benzoxazolinones, their biological activities and the evolution of these processes in plants, 
their associated pests, pathogens and soil communities.  
Initially, a comparative genomics study identified the conservation of Fdb2 across 
many, but not all, Fusarium spp. (Gardiner et al., 2012). Further analysis of the comparative 
data in this study and addition of recently released Fusarium genome sequences found a 
conserved arrangement of genes around FDB2 in a number of Fusarium species. This 
conserved set of genes was defined as the FDB cluster (Figure 5.1A).  
This work represents the first complete investigation and characterisation of the 
proposed members of the entire FDB cluster through single gene deletions and 
characterisation of the entire FDB cluster in a wheat pathogenic Fusarium species. It 
became evident during this study that the enzymes encoded by FDB1, FDB2, and FDB3, 
considered as the core members of the FDB cluster, perform ring opening, acetylation and 
transcriptional control respectively (Figure 5.1B). 
This research also revealed that F. graminearum and F. culmorum display differential 
sensitivity to BOA and MBOA whilst F. pseudograminearum and F. verticillioides do not 
(Figure 5.1C). The reason for this differential sensitivity to BOA and MBOA appears to be 
independent of the presence or absence of FDB cluster genes and requires further 
investigation. 
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Figure 5.1. Brief summary of thesis findings. (A) The identification of the conservation of 
the FDB gene cluster across Fusarium spp. FDB1, FDB2 & FDB3 have co-linearity in  
F. pseudograminearum and F. graminearum, though not in F. verticillioides. (B) The 
confirmation of the enzymatic machinery used in Fusarium spp. detoxification of 
benzoxazolinones. The lactamase, Fdb1, catalyzes the first step in benzoxazolinone  
degradation - producing the intermediate aminophenols. The N-malonyltransferase, Fdb2, 
catalyzes the second step in the pathway – detoxifying the aminophenol via malonylation.  
A transcription factor, Fdb3, is involved in regulating the response of FDB1 and FDB2 to 
MBOA. (C) Differential sensitivity that are independent to the presence of the FDB gene 
cluster has been confirmed in Fusarium spp.. F. graminearum contains the FDB gene 
cluster, and can process BOA, however the pathogen is unable to degrade the methoxylated 
benzoxazolinone, MBOA. As a result, F. graminearum has increased sensitivity to MBOA, 
as does F. culmorum.    
5.3 Remaining knowledge gaps 
5.3.1 Differential sensitivity of Fusarium spp. to benzoxazolinones 
 
Benzoxazolinone detoxification has been suggested to be a competitive advantage for 
Fusarium spp. (Saunders & Kohn, 2009). As mentioned above, amongst the Fusarium 
species differential sensitivities to different benzoxazolinones were observed. Specifically, 
F. graminearum and F. culmorum show an inability to process MBOA, whereas   
F. verticillioides and F. pseudograminearum have this capability (Chapter Three). 
Complementation of the F. pseudograminearum fdb2 mutant with F. graminearum FDB2 
demonstrated that the differences in sensitivity were not due to differences in the second 
biochemical steps in benzoxazolinone processing. The differences between the promoter 
sequences of FDB3 in different Fusarium species may be responsible for differential 
sensitivities observed in different Fusarium spp. to different benzoxazolinones. However, 
this hypothesis remains to be tested. 
Numerous other issues remain unresolved in the area of benzoxazolinone degradation 
by Fusarium species. For example, there are a number of different benzoxazolinones, such 
as M2BOA and HBOA, that are produced by plants in addition to MBOA and BOA.  
If Fusarium spp. are unable to degrade these compounds selection of cereal germplasm 
with elevated levels of such compounds could be a route to improved resistance. Whether 
Fusarium spp. can use the same machinery to target these compounds remains to be 
tested. However, determining this is currently hampered by their commercial unavailabili ty. 
Furthermore, the role of these metabolites in the soil and the ecological impact has yet to 
be assessed (Etzerodt et al., 2006). HM2BOA-Glc isolated from maize has not been 
identified in other cereals. M2BOA, the benzoxazolinone from HM2BOA-Glc, is degraded by 
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soil bacteria to a methoxylated phenoxazinone, presumably via an aminophenol 
intermediate (Kumar et al., 1993). The subsequent phenoxazinone has not been 
investigated for inhibition of soil biota. It remains to be studied whether fungal pathogens 
have the capacity to degrade M2BOA. Potentially, differential sensitivities of different 
Fusarium spp. to other benzoxazolinones may emerge, as has been observed between BOA 
and MBOA (Chapter Three). 
Full metabolism of benzoxazolinones appears variable across Fusarium species.  
F. verticillioides has been reported to remove BOA from media and does not accumulate 
any known metabolites (Glenn et al., 2002). It is possible benzoxazolinone degradation may 
serve to provide a nutrient source for fungi. By releasing the glucoside precusors, DIBOA-
glc and DIMBOA-glc, and subsequent hydrolysis to an aglucoside from cereal hosts 
(Virtanen, 1961), this pathway may provide both a carbon source, in the released glucose, 
and a potential nitrogen source, in the full metabolism of BOA and MBOA. The acquisition 
of these resources may influence the competition amongst pathogenic fungi. 
F. graminearum displays a higher sensitivity to MBOA than F. pseudograminearum 
(Chapter Three).  Within this thesis it has been postulated that such differences may have 
evolved in response to different adaptive pressures that different Fusarium spp. may have 
faced.  However, the primary aim of benzoxazolinone detoxification process (i.e. to facilitate  
fungal infection, as a nutrient acquisition for the fungus, or both) is yet to be fully explored.  
5.3.2 The evolutionary origins of the FDB cluster remains to be resolved 
 
In most Fusarium spp. that contain the FDB cluster; FDB1 and FDB2 are neighbouring 
genes. However, in F. verticillioides, FDB1 and FDB2 homologues from this cluster are 
located at two separate loci with FDB1 encoded on chromosome 10 and FDB2 on 
chromosome 3. I proposed that the single FDB cluster is an evolutionary more ancient than 
multiple loci based upon the broader conservation of a single locus arrangement across the 
Fusaria, and the presence of a partial copy of FDB1 at the FDB2 locus in F. verticillioides. 
However, this view of a single FDB cluster is in contradiction to a recent suggestion by 
Stewart et al. (2014), who proposed that the evolution of the Fdb1 and Fdb2 loci are a result 
of two separate horizontal gene acquisitions by F. verticillioides. These authors have 
suggested that F. verticillioides acquired Fdb1 from Colletotrichum graminicola, another 
wheat and maize pathogen that causes anthracnose disease. However, it is currently 
unclear how the cluster in other Fusarium spp. fit into this model proposed by Stewart et al. 
(2014). Gene re-arrangements surrounding FDB1 and FDB2 loci do exist between Fusarium 
species, yet the core FDB gene arrangement (FDB1, FDB2 and FDB3) remains undisturbed 
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in the genomes analysed to date (with the exception of F. verticillioides). Interestingly, an 
inversion of the F. graminearum core FDB genes (when compared to the  
F. pseudograminearum loci) alters the region upstream of the FDB3 transcription factor that 
regulates the FDB gene cluster in response to MBOA exposure in F. pseudograminearum 
(Chapter Four). Nevertheless, the bacterial origin of the genes involved in benzoxazolinone 
degradation is not in dispute, as horizontal gene transfer is associated with other virulence 
factor in F. pseudograminearum (Gardiner et al., 2012). However, the identification of a 
single conserved gene cluster within the majority of Fusarium spp. observed to date, 
appears to complicate the assumptions across Fusaria from the F. verticillioides findings. 
Reconciliation between the two observations is required. The comprehension of 
evolutionary origin and acquisition of this degradation pathway by Fusarium spp. may help 
in a better understanding of pathogen adaption to these plant hosts.   
5.3.3 Evolution of plant benzoxazolinone biosynthesis during cereal-Fusarium 
interactions. 
 
It has been speculated that the methoxylation of BOA by cereals represents an evolutionary 
adaption to pathogenic fungi (Jonczyk et al., 2008). MBOA is known to be more fungistatic 
than BOA to Fusarium spp. (Glenn et al., 2001), and our findings that cereal pathogenic 
Fusarium species show differential sensitivity to MBOA and BOA, supports the evolutionary 
adaption argument. The role of M2BOA, an extension of the BOA methoxylation event, 
remains unexplored in this context. Whether other cereals, via 4-O-methyltransferase, 
produce M2BOA is unknown. Certainly, other cereals have the enzymatic machinery 
proposed to produce the methoxylations leading to MBOA. However, the enzymes 
responsible for methoxylation of the BOA precursor, BX6 & BX7, whilst identified in maize 
and rye (Frey et al., 2009), have not yet been identified in wheat. Therefore, it might be 
interesting to investigate how these differences may have occurred during the evolution of 
cereals.   
5.3.4 Soil biota capable of benzoxazolinone degradation to aminophenol may act as 
a potential source of antagonists to pathogenic Fusarium spp. 
 
In fungal chemical sensitivity studies, significantly more inhibition is displayed by 
fungal pathogens, such as the cereal pathogen F. culmorum, to 2-APO, the oxidized 
aminophenol intermediate of BOA degradation, than the parent molecule, BOA (Martyniuk 
et al., 2006). However, 2-APO appears not to inhibit bacteria to the same degree (Atwal et 
al., 1992). As beneficial soil biota can act as antagonists against pathogenic fungi, are being 
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explored for crop protection (Bacon et al., 2007), the identification of biota candidates that 
can perform gamma-lactamase (Fdb1-like) functions of benzoxazolinone degradation, 
producing 2-APO, that are also insensitive to 2-APO, may be beneficial for crop rhizosphere 
defences. Therefore, identification of fungal-antagonistic bacteria carrying FDB1 orthologs 
may be utilised as bio-control agents to reduce disease incidence. 
Two antagonistic relationships have already been investigated for Fusarium species 
antagonism: Bacillus mojavensis inhibits the growth of the maize pathogen F. verticillioides 
via interference with benzoxazolinone detoxification via Fdb2 inhibition (Bacon et al., 2007); 
and Trichoderma isolates antagonize pathogenic Fusarium spp. (Matarese et al., 2012), 
although  the mechanisms underlying these antagonistic interferences have not been 
identified.  
To this end, the characterisation of Fdb1, presented in this thesis, may support 
identification of phytoalexin degrading lactamases elsewhere. For example, Pseudomonas 
putida have been associated with increased degradation of MBOA without identification of 
detoxification mechanisms (Neal et al., 2012). Fdb1 BLASTp matches may identify orthologs 
in P. putida that may indicate a similar approach to degradation.  
Further, as lactamases are facilitators of phytoalexin degradation in F. verticillioides, 
a research project at present is deleting each lactamase from the fungal genome (Gold et 
al., 2014). This approach applied to the F. pseudograminearum genome, which contains 
numerous lactamases, may similarly lead to identification of novel phytoalexins, pathogen 
degradation and the contribution of these interactions to pathogen virulence. 
5.4 Conclusions 
 
In conclusion, this thesis research has identified and characterised all the core genes 
involved in the detoxification of benzoxazolinones pathway in F. pseudograminearum, the 
causal agent of Fusarium crown rot disease. The work represents the first complete 
investigation of the roles of the FDB gene cluster in a wheat pathogenic Fusarium species. 
It is anticipated that much of the research finding presented here may be applied to other 
pathogenic Fusarium species. The conservation of this gene cluster in other Fusarium 
species may support the view that benzoxazolinone degradation is an important process 
across Fusarium spp. 
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